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Sometimes a f e w  s m a l l  breakthroughs add up t o  a l o t .  Our progress  wi th  
t h e  contac t  i on  engine i n  a per iod of less  than  a year is an example. 
F i r s t  w e  found t h a t  t h e  contaminated emitter problem w a s  e s s e n t i a l l y  a 
!!remnant-oxygen'' cond i t ion  which increased  t h e  emitter temperature  requi re -  
ment by as much as 200°C ( f o r  t he  same n e u t r a l  e f f l u x ) .  
Secondly w e  found t h a t  t h i s  "remnant-oxygen" cond i t ion  could be 
e l imina ted  by temporar i ly  exposing an  emitter t o  a p a r t i a l  p re s su re  of ace- 
t y l e n e  gas. The c u r e  w a s  apparent ly  permanent as long as  no f u r t h e r  oxygen 
o r  water vapor reached the  emi t te r .  
Third,  t h e  most probable cause of emitter contamination w a s  i d e n t i f i e d  
as Step No. 21  i n  t h e  f a b r i c a t i o n  process  and the  necessary c o r r e c t i v e  a c t i o n  
taken.  
Fourth,  w e  developed a reasonably s a f e  process  f o r  e l e c t r o p o l i s h i n g  a n  
emitter's s u r f a c e  thereby improving t h e  emit tance by as much as  a f a c t o r  of 
2 and n e u t r a l  f r a c t i o n  by as  much as  3 .  
F i f t h ,  w e  proved t h a t  s t r u c t u r a l l y  s t a b l e  n i c k e l  g r i d s  are compatible 
wi th  our  con tac t  i on  engine ( a s  v e r i f i e d  by prolonged l i f e  t e s t s ) .  
of lower s p u t t e r i n g  y i e l d  l i f e  i s  a t  least double t h a t  of t h e  convent ional  
copper e l ec t rode .  
Because 
S ix th ,  t h e  improvement i n  emit tance by t h e  e l e c t r o p o l i s h i n g  process  
focussed a t t e n t i o n  on t h e  need f o r  more e f f i c i e n t  h e a t  sh i e ld ing .  I n  post-  
c o n t r a c t u a l  experiments* we have a l r eady  reduced t h e  thermal l o s s e s  by 25%. 
Ind iv idua l ly  t h e s e  accomplishments are s l i g h t  compensation f o r  a per iod  
b e s e t  wi th  repea ted  setbacks -- s ide  leakage  i n  emitters, b o i l e r  leakage,  
s a f e t y  i n t e r l o c k  malfunct ions,  power f a i l u r e s ,  e tc .  etc.  e tc .  
* Emitter G-7-3 w a s  e l ec t ropo l i shed  and incorpora ted  i n  a s p e c i a l l y  designed 
s h i e l d i n g  arrangement w i t h  in-house funding. 
v i i  
Coi iecc ive iy ,  however, these  small successes  have produced a f a c t o r  of 
e i g h t  r educ t ion  i n  t h e  ion iza t ion  energy requirement.  
t h r u s t e r  technology makes t h e  TRW Systems ion  engine t h e  most e f f i c i e n t  ion  
t h r u s t e r  developed t o  d a t e  f o r  comparable e l e c t r o d e  d u r a b i l i t y .  
This  major advance i n  
It i s  wi th  cons iderable  s a t i s f a c t i o n ,  t h e r e f o r e ,  t h a t  w e  review the 
progres s  achieved dur ing  fou r  years  of i n t e n s i v e  e f f o r t .  We would l i k e  t o  
thank NASA L e w i s  Research Center f o r  t h e i r  support  under NAS3-7106. 
v i i i  
A PROGRAM TO DEVELOP HIGH PERVEANCE IONIZERS 
by 
John C. Beynon and P. W. Kidd 
ABSTRACT 
This  i s  t h e  f i n a l  r epor t  for Contrac t  NAS3-7106. 
Th i s  y e a r ' s  work has  cons is ted  of t h e  eva lua t ion  of several a c c e l e r a t o r  
e l e c t r o d e  materials f o r  t h e i r  compa t ib i l i t y  wi th  a cesium con tac t  ion  engine. 
Pure  metals such as beryl l ium, i ron ,  n i c k e l  and copper have been t e s t e d  as 
w e l l  as several a l l o y s  inc luding  cupro-nickel,  copper i r id ium,  and n icke l - i ron  
a l l o y s .  
A l l  of t h e  above mentioned elements appear t o  be  compatible wi th  t h e  
c o n t a c t  engine.  Prolonged tests wi th  e i t h e r  i r o n  o r  beryl l ium were un- 
success fu l  however, due t o  warpage of g r i d  ba r s  during opera t ion .  This  s t ruc -  
t u r a l  i n s t a b i l i t y  could presumably b e  co r rec t ed  by a more s o p h i s t i c a t e d  method 
of c o n t r o l l i n g  t h e  c r y s t a l  growth dur ing  t h e  w i r e  drawing process .  Since t h i s  
was beyond t h e  scope of contractNAS3-7106, TRW Systems w a s  asked t o  and d id  
propose a follow-on program f o r  f u r t h e r  s t u d i e s  wi th  beryl l ium. However, t h e  
funding f o r  t h i s  work w a s  cancel led be fo re  a c o n t r a c t  w a s  awarded. 
S ix  l i f e  tests were made during t h e  course  of t h i s  c o n t r a c t ,  four  w i t h  
copper e l e c t r o d e s  and two wi th  n icke l .  
f o r  t h e  TRW Systems engine design. Although t h e s e  tests ranged i n  du ra t ion  
from 100 t o  524 hours,  t h e  n e u t r a l  f r a c t i o n  was gene ra l ly  high. Equivalent  
ope ra t ing  t i m e  wi th  an emi t t e r  y i e ld ing  a 1% n e u t r a l  f r a c t i o n  ranged between 
7 7 0  and 7800 hours.  From t h i s  data  (and a d d i t i o n a l  s p u t t e r i n g  experiments) 
t h e  end l i f e  of a n i c k e l  e l ec t rode  i n  a 1% n e u t r a l  environment, b e s t  s ta te  of 
t h e  a r t  emitter contouring accuracy, and an ion  c u r r e n t  d e n s i t y  of 1 7  m a / c m  
would be a minimum of 10,000 hours. 
Both are q u i t e  s a t i s f a c t o r y  materials 
2 
One very  encouraging development i n  connect ion wi th  t h e  con tac t  ion  engine 
h a s  been t h e  i d e n t i f i c a t i o n  and con t ro l  of a r e c u r r e n t  "poisoning" problem 
which i n v a r i a b l y  l e d  t o  high n e u t r a l  f r a c t i o n s  and h igh  ope ra t ing  temperatures .  
i x  
Subsequently,  t h e  low n e u t r a l  f r a c t i o n  measurements w i t h  bu t ton  i o n i z e r s  
(performed by Shel ton,  Cho and h a l l )  have been dup l i ca t ed  i n  engine teats .  
This f a c t  combined wi th  several improvements i n  t h e  i o n i z e r  f a b r i c a t i o n  
procesg has  r e s u l t e d  i n  a s i g n i f i c a n t  improvement i n  i o n i z e r  e f f i c i ency .  
X 
' .  
This  i s  t h e  f i n a l  r e p o r t  fo r  work accomplished a t  TRW Systems under 
c o n t r a c t  NAS3-7106 f o r  s t u d i e s  r e l a t e d  t o  t h e  d u r a b i l i t y  and e f f i c i e n c y  
of h igh  perveance contac t  i on  engines. 
It is  a r e p o r t  of t h e  proven f e a s i b i l i t y  of n i c k e l  as a n  e l e c t r o d e  
material f o r  contac t  i on  engines .  Th i s  i s  t h e  f i r s t  t i m e  t h a t  materials 
o t h e r  than  copp,er have been success fu l ly  used f o r  t h i s  a p p l i c a t i o n .  
t r o d e  l i f e  i s  thereby doubled. 
Elec- 
It is a l s o  a r e p o r t  of important improvements i n  f a b r i c a t i o n  technology 
l ead ing  t o  b e t t e r  thermal e f f i c i e n c y  and i o n i z e r  performance c h a r a c t e r i s t i c s .  
It is  a l s o  t h e  r e p o r t  of a s o l u t i o n  t o  an emitter contamination problep  
which has  seve re ly  handicapped our experiments during t h e  p a s t  two years .  
The d i agnos t i c  technique of opera t ing  a n  ion  engine a l t e r n a t e l y  i n  an  oxydizing 
and then  reducing atmosphere has n o t  on ly  i d e n t i f i e d  t h e  performance of a 
contaminated emitter as one with a "remnant-oxygen" c h a r a c t e r i s t i c  bu t  provides  
means of ob ta in ing  t h e  t r u e  emitter c h a r a c t e r i s t i c  under adverse  condi t ions .  
It a l s o  inc ludes  t h e  r e p o r t  of many f a i l u r e s  - f a i l u r e  of bery l l ium 
as a success fu l  e l e c t r o d e  ma te r i a l  because of f a b r i c a t i a n  d i f f i c u l t i e s  - 
f a i l u r e  of l i f e  tests due t o  malfunct ion i n  s a f e t y  
engine  o p t i c s  and many o the r s .  I t  i s  a r e p o r t  a t  t h e  same t i m e  of t h e  ex- 
t remely exac t ing  requirements tha t  have been m e t  i n  t h e  f a b r i c a t i o n  and 
t e s t i n g  of a con tac t  i on  engine.  
i n t e r l o c k s  o r  poor 
These and o t h e r  p e r t i n e n t  da t a  regard ing  t h e  p re sen t  program are 
grouped i n  t h e  main body of t h i s  r e p o r t  i n  Sec t ions  2 through 8 and Appendix I. 
I n  Sec t ion  2 t h e  present  processing techniques  of t h e  T R W  Systems high 
perveance contac t  i on  emitter, a c c e l  e l ec t rode ,  and o t h e r  engine parameters 
are descr ibed .  
emitters f a b r i c a t e d  dur ing  t h e  pas t  four  yea r s  and d e s c r i b e s  t h e  v a r i o u s  
techniques of f a b r i c a t i o n  employhd. The more important achievements are 
recorded here:  
This  s e c t i o n  also inc ludes  a product ion summary of 49 
(1) The pe r fec t ion  of an e l e c t r o p o l i s h i n g  technique which y i e l d s  
a low emiss iv i ty  and optimized mic ros t ruc tu re  f o r  t h e  porous 
tungs ten  su r face ;  
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(2) P o t e n t i a l  e l imina t ion  of t h e  s i d e  leakage problem i n  t h e  
vapor p l a t i n g  process;  and 
(3)  Modif ica t ion  of the contour machining ope ra t ion  so  as t o  
eliminate poss ib le  emitter contamination. 
Sec t ion  3 desc r ibes  and eva lua tes  t h e  pre-operat ive measurements f o r  
t h e  several emitters which were used f o r  t h e  e l e c t r o d e  material compa t ib i l i t y  
eva lua t ion ,  t h e  l i f e  tests and t h e  emitter contamination s t u d i e s .  
Sec t ion  4 d e s c r i b e s  t h e  e l e c t r o n i c  equipment and vacuum s t a t i o n s  which 
are  p a r t  of t h e  engine test f a c i l i t y .  
I n  Sec t ion  5 t h e  ope ra t iona l  performance of t h e  fou r  main emitters 
employed f o r  e l e c t r o d e  material eva lua t ion  and l i f e  tests are descr ibed .  
Th i s  d a t a  i s  preceded by a d iscuss ion  of t h e  c o r r e c t  i n t e r p r e t a t i o n  of 
measured n e u t r a l  measurements from e i t h e r  engine or  bu t ton  d a t a  and t h e  
contaminat ion problem which has  s e r i o u s l y  handicapped both emitter and elec- 
t r o d e  material eva lua t ion  dur ing  t h e  p a s t  two years .  
Sec t ion  6 inc ludes  not  on ly  t h e  r e s u l t s  of a compa t ib i l i t y  and f e a s i b i l i t y  
eva lua t ion  of s ix  a c c e l e r a t o r  e l ec t rode  materials b u t  a l s o  t h e  r e s u l t s  of two 
s p u t t e r i n g  experiments.  This  la t ter  d a t a  y i e l d s  a c c u r a t e  r e l a t i v e  s p u t t e r i n g  
y i e l d s  f o r  copper,  n i c k e l ,  cupro-nickel,  i r o n ,  bery l l ium and s i l i c o n  i n  a 
2000 v o l t  cesium i o n  beatn. 
Sec t ion  7 descr ibed  s i x  l i f e  tests ranging from 100 hours  t o  524 hours 
i n  dura t ion .  
here .  Of  t h e  s i x  l i f e  tests t h e  f i r s t  and l a s t  are probably t h e  most important .  
I n  t h e  f i r s t ,  a copper g r i d  was operated f o r  t h e  equiva len t  of 16,000 hours  
ope ra t ion  f o r  an  emitter with .5% n e u t r a l s  and a cu r ren t  d e n s i t y  of ,015 
amperes per  c m  . The f i n a l  test e s t a b l i s h e d  t h e  f e a s i b i l i t y  of n i c k e l  as an  
e lec t rode-  material and t h e  long t e r m  s t a b i l i t y  of t h e  e l ec t ropo l i shed  porous 
tungs ten  sur face .  
A d i scuss ion  of both e l e c t r o d e  and emitter d u r a b i l i t y  is  included 
2 
I n  dec t ion  8 t h e  present  p o t e n t i a l  of t h e  con tac t  i o n  engine i n  t h e  l i g h t  
of r ecen t  improvements i n  thermal e f f i c i e n c y  are discussed.  The importance of 
t h i s  development i s  i l l u s t r a t e d  by c a l c u l a t i n g  e l e c t r o d e  l i f e  and engine 
e f f i c i e n c y  as a f u n c t i o n  of i on  beam d e n s i t y  f o r  several of t h e  b e t t e r  i o n i z e r  
materials which have been t e s t e d  a t  TRW Systems during t h e  p a s t  few yea r s .  
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I n  Appendix I t h e  genera l  equat ions f o r  c a l c u l a t i o n  of e l e c t r o d e  l i f e  
relative t o  e i t h e r  engine scale o r  ope ra t ing  s p e c i f i c  impulse are e s t ab l i shed .  
This  i s  a s l i g h t l y  modified vers ion  of t h e  paper presented  a t  t h e  second 
I n t e r n a t i o n a l  Conference on Elec t ron  and Ion Beam Science and Technology 
i n  New York (Apr i l  1966) under the t i t l e  "Affec ts  of Accel-Decel on Thruster  
Durab i l i t y"  by S. G. Forbes and J. C. Beynon. 
It should a l s o  be understood that t h i s  i s  t h e  r e p o r t  of a cmtac t  engine 
des ign  which d i f f e r s  from t h a t  of e i t h e r  E.O.S., H.R.L, o r  NASATLewis i n  one 
important  category: it is s p e c i f i c a l l y  designed t o  ope ra t e  a t  h igh  c u r r e n t  
d e n s i t i e s  a t  I ' s  as low as 4000 seconds without  t h e  requirement of acce l -  
dece l .  This  4s accomplished by employing a diode spacing of one millimeter 
aqd a p a r a l l e l  s l i t  geometry with a one m i l l h e t e r  p i t c h .  
SP 
This  is  less than  one-half t h a t  used by o the r  engine  des igners  and as 
a consequence t h e  machining to l e rances  are correspondingly smaller. The des ign  
is f u r t h e r  r e s t r i c t e d  i n  f a b r i c a t i o n  techniques because of t h e  small s i z e .  For 
example H.R.L.'s method of e l ec t ron  beam welding s o l i d  tungs ten  i n s e r t s  t o  form 
t h e  f l u t e  peeks of t h e  emitter contour would be an  ex t r ao rd ina ry  achievement 
when appl ied  t o  t h e  TRW Systems design. 
equ iva len t  of a t r i a n g u l a r  sec t ion  .003 inches on a s i d e  and 1.2 inches  long.  
Each s o l i d  tungs ten  r idge  i s  t h e  
Why, then,  has  T R W  Systems p e r s i s t e d  i n  a des ign  which appears  t o  be 
r i d i c u l o u s l y  d i f f i c u l t ?  The reasons have changed t o  some ex ten t  w i th  t h e  i m -  
proving technology. The e a r l y  porous i o n i z e r  d a t a  ind ica t ed  t h a t  very  h igh  
c u r r e n t  d e n s i t i e s  and a rep laceable  e l e c t r o d e  s t r u c t u r e  were t h e  only  means 
of ob ta in ing  a long l i f e  a t  high e f f i c i e n c y .  The p resen t  emitter w a s  designed,  
f a b r i c a t e d  and operated wi th  a gr id  change mechanism and a t  c u r r e n t  d e n s i t i e s  
as h igh  a$ 50 ma/cm . 2 
The development of b e t t e r  i o n i z e r s  from s p h e r i c a l  tungs ten  brought about 
such a s i g n i f i c a n t  r educ t ion  i n  n e u t r a l  f r a c t i o n  t h a t  i t  now appeared f e a s i b l e  
t o  o b t a i n  an  e l e c t r o d e  l i f e  matching t h a t  of a p r a c t i c a l  mission a t  reasonably 
h igh  cu r ren t  d e n s i t i e s .  
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Re-evaluation of t h e  TRW Systems des ign  proved t h a t  g r e a t e r  e l e c t r o d e  
l i f e  would be obtained by inc reas ing  t h e  diode spacing only  i n  t h e  case where 
t h e  d i r e c t  i n t e r c e p t i o n  of t h e  ion beam w a s  t h e  major source of e l e c t r o d e  
e ros ion .  
accuracy t h a t  charge exchange ions caused a t  least one ha l f  of t h e  t o t a l  e ros ion  
then  m a x i m u m  e l e c t r o d e  l i f e  would be obtained by simple d iode  ope ra t ion  a t  t h e  
minimum (perveance l imi t ed )  acce le ra t ing  v o l t a g e  requi red  t o  achieve a g iven  
c u r r e n t  dens i ty .  
If t h e  i o n  focuqsing o p t i c s  could b e  generated with s u f f i c i e n t  
The most r ecen t  improvements i n  emitter f a b r i c a t i o n  T- i n  p a r t i c u l a r  
t h e  f i n a l  e l e c t r o p o l i s h  of t h e  contoured s u r f a c e  -- have made a very s i g n i f i -  
c a n t  improvement i n  both e l ec t rode  l i f e  and engine e f f i c i e n c y .  I n  f a c t  i t  now 
appears  t h a t  e f f i c i e n c i e s  s i g n i f i c a n t l y  higher  than t h a t  of t h e  cesium bombard- 
ment engine can be  achieved without r ep lac ing  e l e c t r o d e s  i n  a two year  miss ion ,  
There is  one f a c t o r  t h a t  is  q u i t e  certain however. 
t o  a 2 m spacing,  e l e c t r o d e  l i f e  would be reduced by a f a c t o r  of 3 i f  t h e  
engine  is  operated a t  the same n e u t r a l  f r a c t i o n ,  n e t  beam p o t e n t i a l ,  and 
c u r r e n t  densi ty .*  
increased  by a f a c t o r  of t w o ,  t h e  a r r iva l  rate of spu t t e red  material on t h e  
emitter i s  h igher  by a f a c t o r  of s i x .  A 3 mm diode engine would have 1 / 8 t h  
t h e  l i f e  and a backsput te r ing  rate 24 t imes t h a t  of t h e  1 mm engine!** 
By s c a l i n g  t h i s  engine up 
Because t h e  e l ec t rode  mass per  u n i t  area has a l s o  been 
However, t h e  development of t h e  con tac t  engine is  incomplete. While t h i s  
r e p o r t  proves t h a t  s eve ra l  s i g n i f i c a n t  improvements i n  technology have been 
achieved during t h i s  program many f a c t o r s  remain t o  be e s t ab l i shed :  
(1) The long term s t a b i l i t y  of t h e  emitter ( i n  t h e  absence of 
contaminants) w i t h  r e spec t  t o  permeabi l i ty ,  emis s iv i ty ,  c r i t i c a l  
temperature and n e u t r a l  f r a c t i o n ;  
(2)  The corresponding long  term e l e c t r o d e  d u r a b i l i t y  which a t  p re sen t  
i s  only  ex t r apo la t ed  from r e l a t i v e l y  s h o r t  du ra t ion  l i f e  tests; and 
(3) The development of f u r t h e r  improvements i n  s h i e l d i n g  e f f i c i e n c y .  
2 * .02 amps/cm opera t ion .  
** For a complete a n a l y s i s  of the  s c a l i n g  laws see Appendix I of t h i s  r e p o r t .  
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TRW Systems b e l i e v e s  t h a t  t h e  program which w a s  i n t e r r u p t e d  e a r l y  i n  
1966 was on t h e  way toward answering t h e s e  ques t ions .  
e f f o r t  i s  warranted i n  t h e  l i g h t  of t h e  e x c e l l e n t  e f f i c i e n c i e s  and p ro jec t ed  
l i f e t i m e  f o r  o the r  t h r u s t e r s  r equ i r e s  c a r e f u l  cons ide ra t ion  however. 
Whether such a continued 
Perhaps t h e  time has  a r r ived  when t h e r e  i s  s u f f i c i e n t  knowledge about 
p r a c t i c a l  e lec t r ic  propuls ion  missions of t h e  immediate o r  more d i s t a n t  f u t u r e  
t o  weigh t h e  p o t e n t i a l  advantages of  t h e  cesium contac t  engine over o t h e r  pro- 
p u l s i o n  devices  aga ins t  t h e  probable c o s t  of completing t h i s  development. 
Some of t h e  more obvious advaqtages of t h e  contac t  engine are 
(1) higher  t h r u s t  dens i ty  
(2) less beam spread 
(3 )  more e a s i l y  scaled t o  t h e  s m a l l  s i z e  requi red  f o r  house- 
keeping missions.  
o t h e r  p o s s i b l e  advantages might b e  
(1) higher  rocke t  e f f ic iency* 
(2)  less p o s s i b i l i t y  of contaminating s o l a r  pane ls ,  e tc . ,  
(3) 
(4) 
w i t h  n e u t r a l  e f f lux  
a s impler  power conversion requirement 
b e t t e r  w e i g h t - r e l i a b i l i  t y  c a p a b i l i t y  .** 
* Present  and p ro jec t ed  e f f i c i e n c y  c a l c u l a t i o n s  i n  t h i s  r e p o r t  are based upon 
t h e  requirements of e l e c t r i c a l l y  hea t ing  t h e  ion ize r .  The r ad io i so tope  
hea ted  con tac t  engine (TRW Patent  No. 3210926, i s sued  October 12,  1965) 
improves engine e f f i c i e n c y  even f u r t h e r .  
I n  a system conta in iqg  redundant t h r u s t e r s .  ** 
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2.1 EMITTER FABRICATION 
2.1.1 Basic? Design 
The b a s i c  emitter conf igura t ion  i s  i l l u s t r a t e d  i n  t h e  cutaway of 
F igu re  1 and is  f a b r i c a t e d  by procedures ou t l ined  i n  t h e  f i n a l  r e p o r t  f o r  
Cont rac t  NAS3-5906. 1 
The o r i g i n a l  concept f o r  t h i s  module o r i g i n a t a d  in la te  1961 and i s  
Correct  i on  o p t i c s  is provided by con- designed f o r  a 1 rnm diode spacing. 
t ou r ing  t h e  f a c e  of t h e  emitter with 52 grooves of ,0225 inch r a d i u s  ac ross  
t h e  width of t h e  emitter on a 1 mm p i t ch .  A s  confirmed by both  computer 
ana lyses  and actual opera t ing  d a t a  t h i s  f l u t e  r ad ius  prav ides  s l i g h t  over- 
focuss ing  wi th  emission l imi t ed  opera t ion  and almost  p a r a l l e l  i on  beam i n  
t h e  case of space charge  l i m i t e d  opeyation. Calculated perveance i s  8 x 
Experimentally a somewhat h igher  a ~ u p s / V ~ / ~  at a n  a spec t  ratio of 45. 
v o l t a g e  is  requi red  t o  minimize the  n e u t r a l  f r a c t i o n  - y i e l d i n g  a useable  
perveance of approximately 5 x 1 0  amps/V . -6 3 /2  
2.1.2 Production Summary (Evolution of Present  Process)  
Because of t h e  contamination problem it i s  perhaps wise t o  review a t  
t h i s  time t h e  h i s t o r y  of  t h e  production techniques used during t h e  p a s t  few 
yea r s  . ’’ ’’ 
of t h e  mi les tones  i n  t h e  development of t h i s  module. 
The product ion summary of Table I i s  u s e f u l  t o  i l l u s t r a t e  some 
Braze -
I n i t i a l l y  a l l  b razes  were made by Semicon of C a l i f o r n i a  us ing  a molyb- 
denum boron-carbide p r o p r i e t a r y  braze.  Because a t  t h a t  time Semicon re fused  
t o  reveal t h e  c o n s t i t u e n t s  of t he  braz ing  a l l o y  TRW Systems i n i t i a t e d  a braz ing  
eva lua t ion  program of i t s  own and wi th  emitters C - 1  and 6-2 at tempted a 
vanadium braze.  While t h e  i n i t i a l  b r a z e  was e x c e l l e n t  i t  w a s  found that dur ing  
s i d e  s c a l i n g  opera t ions  (when the  emitter w a s  f i r e d  i n  hydrogen) t h e  braze  
d e t e r i o r a t e d  severe ly .  Consequently t h i s  process  w a s  d i scont inued  and a rhodium 
b raze  evaluated.  Rhodium has a shor t  f low range due t o  t h e  r a p i d  a l l o y i n g  
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F i g u r e  1. Cutaway of a completed emitter. 
(ST1-10) 
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TABLE I. T R W  SYSTEMS EMITTER DESIGN - PRODIJGTXON S-Y 
COMMENT EMITTER EMITTER CONTRACT* BWZE SIDE EMITTER 
CORE MATERIAL SEAL CONTOUR 
A-1 Semicon 1 1 1 2 Operated t o  443 ma/cm 
A- 2 
B-1, B-2 
2 
a 
1 1 1 3 Inoperable  due t o  l e a k  
2 1 1 3 ERM a f t e r  cesium Operat ion 
11 
I1  
D-1 t h r u  R-6 2 1 1 1 Low emiss iv i ty ,  s i d e  leakage 
c-1, c-2 2 2 2 - Vanadium braze  f a i l e d  11 
2 3 3 3 Side  l e a k s  a f t e r  ope ra t ion  
2 3 495 3 Best to  d a t e  
E-1, E-2 11 
I1  E-3 - E-8 
F-1, F-2 P h i l l i p s  3 3 6 3 Vapor p l a t e  be fo re  b raze  
F-3 t h r u  Spectramat 
F-9 
G-1 EO S 
G-2b Hughes 
G-3 EOS 
6-4 EOS 
G-5 TRW Systems 
6-4-2 EOS a 
6-6 (h) P h i l l i p s  
G- 6 P h i l l i p s  
G-4-3 EOS 
3 
4 
4 
3 
3 
3 
6 
6 
6 
3 Vapor p l a t e  a f t e r  b raze  
3 
3 Elec t ropo l i sh  experiment 
3 
3 F i r s t  s p u t t e r e d  emitter 
4 
4 
4 
4 Best l i f e  test (e lec t ropol fshec  
4 
I n i t i a t e d  kero sene f l u s h  
by NASA 
Best s o l i d  r i d g e s  t o  d a t e  
ST1-10 TRW Gystems 5 
ST1-12 TRW Systems 5 
6-7-1 Hughes 3248 5 
6-7-3 Hughes 3248 5 
6-3-2 EO S 5 
E4-A EOS 5 
G-7-2 Various 5 
etc  . ** 
3 6 4 Tenninat ed kerosene f l u s h  
3 6 4 
3 6 4 
3 6 4 EDM too deep 
3 6 4 Complete b u t  no t  t e s t e d  
3 6 4 
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TABLE I (cont 'd )  
* Cont rac t s  1 T R W  in-house funding (1961-62) 
2 AF33 (657) -8687 (1962-63) 
3 AF33 (657) -10788 (1 963-64) 
4 NAS3-5906 (1964-65) 
5 NAS3-7106 (1965-66) 
** Machined P a r t s  Inventory 
G-7-2, E7A, E7B, ST1-7, ST1-8. 
Brazing Code: (1) Mo - B - C 
(2) Vanadium 
(3) Rhodium 
S i d e  Seal Code: (1) Semicon W-plate 
(2) Brazed s i d e  s t r i p s  
(3) Rhodium p l a t e  
(4) Vapor p la ted  tungs ten  (San Fernando Labs) s i d e s  only  
(5) Vapor p l a t ed  tungs t en  (TRW Systems) s i d e s  only 
(6) Vapor plated tungs ten  (TRW Systems) s i d e s  and f r o n t  
(7) Vapor p la ted  tungs t en  (San Fernando Labs) s i d e s  and f r o n t  
E m i t t e r  Contour Code: 
(1) Cold machined ( p l a s t i c  i n f i l t r a t e d )  by Semicon of C a l i f o r n i a  
(2) EDM with copper e l e c t r o d e  
(3) EDM w i t h  g raph i t e  e l e c t r o d e  
(4) EDM with g raph i t e  (rough c u t )  followed by 
EDM w i t h  copper i n f i l t r a t e d  tungs ten  ( f i n i s h  c u t ) .  
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with  tungs ten  a t  i t s  mel t ing  point  and a l s o  tends t o  d i f f u s e  through t h e  porous 
tungs ten  a t  emitter temperatures  of opera t ion .  However because of t h e  l a r g e  
d i s t a n c e  between t h e  brazed su r face  and t h e  ion  emi t t i ng  area t h i s  d i f f u s i o n  
has  no t  been a problem. Side leakage due t o  poor flow c h a r a c t e r i s t i c s  of t h e  
b r a z e  i s  later overcome by vapor p l a t i n g  t h e  s i d e s  and top  of t h e  emitter. 
Hence t h e  rhodium b raze  has  been r e t a i n e d  t o  t h e  p re sen t  t i m e .  
S ide  Sea l inq  
The o r i g i n a l  emitters were s ide-sealed by a p r o p r i e t a r y  "electra- 
p la ted"  tungsten process  of Semicon of Ca l i fo rn ia .  
t ungs t en  p l a t e  ranged between 2 t o  5 rhousavdths of an inch and i t  was found 
t h a t  a f t e r  s h o r t  ope ra t ing  per iods w i t h  cesium s i d e  leaks developed. Attempts 
t o  seal t h e  s i d e s  wi th  brazed s t r i p s  of tungsten o r  e l e c t r o p l a t e d  rhodium a l s o  
proved unsa t i s f ac to ry .  
vapor p l a t e d  tungsten.  This  s tep  w a s  performed i n i t i a l l y  San Fernando 
Laborator ies .*  
undertook an  i n v e s t i g a t i o n  of vapor p l a t i n g  techniques and developed a com- 
pa rab le  process.  
a long  t h e  s i d e s  
The th ickness  of t h i s  
Beginning wi th  E-3 t h e  emitter s i d e s  were sea led  by 
However, due t o  extremely long de lays  i n  d e l i v e r y  TRW Systems 
It w a s  found t h a t  w i t h  a p l a t i n g  th i ckness  of .02 inches  
s i d e  leakage was no longer  a problem ( u n t i l  r e c e n t l y ) .  
O r i g i n a l l y  only  t h e  sides were vapor p l a t ed  and t h e  f r o n t  s u r f a c e s  
of t h e  emitter were masked by a g raph i t e  s l a b .  Beginning wi th  F-1 bo th  t h e  
s i d e s  and f r o n t  s u r f a c e  of t h e  emi t te r  were coated wi th  vapor p l a t e d  tungs ten  
t o  minimize ca rb id ing  e f f e c t s .  A l l  of t h e  s o l i d  tungs ten  from t h e  f r o n t  su r -  
f a c e  was removed during t h e  contouring. Beginning wi th  F-3, however, an  
a t t empt  w a s  made t o  r e t a i n  some s o l i d  tungs ten  a t  t h e  f l u t e  t i p s  t o  minimize 
d i r e c t  i n t e r c e p t i o n  of i ons  by the a c c e l e r a t i n g  e l e c t r o d e  i n  t h e  reg ion  where 
t h e  o p t i c s  f a i l . **  This  i s  a d i f f i c u l t  ope ra t ion  due t o  t h e  accuracy r equ i r e -  
mente of, measuring t h e  emitter dimensions p r i o r  t o  and a f t e r  vapor p l a t i n g  and 
* San Fernando Labora tor ies ,  10258 Nor r i s  S t . ,  Pacoima, C a l i f o r n i a  
** Due t o  a f i n i t e  r a d i u s  a t  t h e  f l u t e  t i p s .  
10 
and r e t a i n i n g  a r e fe rence  base.  
f l u t e  chipping dur ing  t h e  machining process  -- a problem which w a s  not  reso lved  
u n t i l  t h e  double e l e c t r o d e  system descr ibed  below was employed. 
However t h e  ma jo r i ty  of f a i l u r e s  were due t o  
The s i d e  leakage problem had disappeared u n t i l  q u i t e  r ecen t ly .  This  is  
be l i eved  t o  be p a r t i a l l y  due t o  an excess ive  rhodium f i l l e t  on the  ou t s ide  edge 
of t h e  braze  j u n c t i o n  - a condi t ion  t h a t  has been subsequent ly  co r rec t ed .  
A r ecen t  connnunication with San Fernando Labora to r i e s  sugges ts  t h a t  im- 
p u r i t i e s  i n  t h e  tungs ten  hexaf luor ide  may a l s o  be a c a u s i t i v e  f a c t o r .  
found t h a t  t h e  f r e e  f l u o r i n e  content  of t h e  WF6 suppl ied  t o  them by Al l i ed  
Chemical had increased s u b s t a n t i a l l y  during t h e  p a s t  two years .  This  w a s  d i s -  
They 
covered i n  searching  f o r  reasons  why t h e i r  customer 's  cesium d iodes  ( f ab r i ca -  
t ed  from vapor p l a t ed  tungs ten)  were developing l e a k s .  
found t h a t  by maintaining t h e  f l u o r i n e  conten t  below 20 p.p.m. they have been 
a b l e  t o  o b t a i n  a much more d u c t i l e  d e p o s i t  than  they  had ever obtained before .  
I n  f a c t ,  f o r  t h e  f i r s t  t ime t h e  depos i t s  can be  r e c r y s t a l l i z e d  by vacuum f i r i n g .  
More important ly ,  t h e  void formation i n  t h e  as depos i ted  tungsten i s  no longer  
d e t e c t  ab le .  
Subsequently they  have 
E m i t t e r  Contouring 
E m i t t e r  A-1 was contoured by electric d ischarge  machining us ing  a copper 
e l e c t r o d e  and d i s t i l l e d  water. E m i t t e r  A-2 a l s o  used d i s t i l l e d  water but  a 
g r a p h i t e  e l e c t r o d e  was employed. Subsequent processing of emitters B-1 and 
B-2 which has  been previous ly  operated as  ion  emitters (using focus g r i d  wires) 
proved extremely d i f f i c u l t .  Subsequently kerosene was used as t h e  d i e l e c t r i c .  
Graphi te  w a s  r e t a i n e d  as the  only  machining e l e c t r o d e  material through 
G-4 product ion.  The primary advantage of t h i s  material i s  t h a t  i t  can be 
machined wi th  a pre-ground broach provid ing  e x c e l l e n t  accuracy and repro- 
d u c i b i l i t y  of t h e  emitter contour.  
machine 26 grooves on t h e  f i r s t  pass  ( a t  .08" p i t c h )  and t h e  remainder on t h e  
second pass  (with a .04" u p s h i f t  of t h e  work). Tool r o t a t i o n  i s  geared s o  t h a t  
t h e  t o o l  r o t a t e s  less than  1 / 2  revolu t ion  per  pass .  
of a groove along i t s  l e n g t h  due t o  e l e c t r o d e  wear b u t  does l eave  a f a i r l y  
coa r se  surf  ace f i n i s h .  
The e l e c t r o d e  i s  a c y l i n d e r  designed t o  
This  prevents  t ape r ing  
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Beginning w i t h  G-5, a t o o l  f a b r i c a t e d  from copper i n f i l t r a t e d  tungs ten  
and dimensional ly  i d e n t i c a l  wi th  t h e  g r a p h i t e  e l e c t r o d e  wheel w a s  added as a 
f i n i s h i n g  too l .  
t h s  of an inch  of t h e  emitter sur face  and r o t a t e s  a t  a reasonably high speed. 
Because of t h e  smallness of t h e  c u t ,  t a p e r i n g  along t h e  contour l eng th  is  
n e g l i g i b l e .  Since t h e  incep t ion  of t h i s  f i n i s h i n g  ope ra t ion  chipping of t h e  
s o l i d  tungs ten  f l u t e s  has  v i r t u a l l y  disappeared and the  o v e r a l l  f i n i s h  has im-  
proved. Extreme accuracy i s  requi red  i n  t r a n s f e r r i n g  t o o l s  however. 
This  e l e c t r o d e  is used t o  remove t h e  las t  two or  t h r e e  thousand- 
P r i o r  t o  emitter F-3 a l l  emi t t e r s  which had been contoured by e l e c t r i c  
d i scha rge  machining were completely clogged i n  t h e  porous reg ion .  
pu t  w a s  only achieved by vacuum f i r i n g .  
ducing a backing p res su re  of f r e s h  kerosene through t h e  feed  tube  i n t o  t h e  
plenum chamber s o  t h a t  a s  soon as t h e  machining reached t h e  porous s e c t i o n  of 
t h e  emitter a r e v e r s e  flow of kerosene would prevent  clogging. 
could then  be  f u r t h e r  f lushed with e i t h e r  f r e o n  o r  ace tone  a f t e r  t h e  EDM. 
Through- 
This  problem w a s  overcome by i n t r o -  
The emitter 
During t h e  r o u t i n e  f lush ing  of emitter G-6 a da rk  c o l l o i d a l  depos i t  
w a s  withdrawn from t h e  plenum chamber. This  substance was la ter  analyzed and 
found t o  con ta in  oxides  of t h e  elements i r o n ,  n i c k e l ,  copper,  chromium, z inc ,  
molybdenum and manganese. A sample of t h e  kerosene which w a s  used t o  f l u s h  
through t h e  emitter during t h e  EDM machining w a s  t hen  passed through a sub-micron 
g l a s s  f i l t e r  and a s imilar  c o l l o i d a l  material c o l l e c t e d .  Analysis  proved it  
contained e s s e n t i a l l y  t h e  same elements p l u s  s e v e r a l  o t h e r s  but  i n  d i f f e r e n t  
p ropor t ions ,  as shown i n  Table 11. This  could be explained by vary ing  amounts 
of b r a s s ,  s t a i n l e s s  steel and iron oxide  as t h e  major c o n s t i t u e n t s .  
The presence of such a contaminant w i th in  t h e  plenum chamber of an  
emitter l e a d s  t o  s e v e r a l  obvious d e l e t e r i o u s  e f f e c t s .  Cesium may g radua l ly  
break down t h e  oxides  pe rmi t t i ng  t h e  metal atoms t o  combine with t h e  tungsten.  
Nickel is  a notor ious  s i n t e r i n g  agent as is  i ron .  D i f fus ion  of t i t an ium o r  
chromium t o  t h e  s u r f a c e  would lead t o  a poisoned cond i t ion  (according t o  
Shel ton) .  These f a c t s  appear t o  e x p l a i n  t o  a l a r g e  e x t e n t ,  many of t h e  poison- 
ing  problems experienced dur ing  the p a s t  year .  
would va ry  from emitter t o  emi t te r  (depending upon t h e  r e s idue  i n  t h e  kerosene) 
gradual  d e t e r i o r a t i o n  of  i o n i z e r  performance i s  t o  be  expected. 
Even though t h e  contaminant 
1 2  
TABLE 11. Comparison of r e s i d u e s  from plenum 
nf pmi+_+_p_?: g-6 alrd filtr-te"=f 
kerosene used as emitter f l u s h  by t h e  
L. C. Miller Co.** 
E lemen t Percent  of T o t a l  Metallics : 
Kerosene F i l t r a t e  Emitter G-6 
Fe @I% ~ 2 5 %  
S i  9.5 0.9 
cu  4.75 60 
B 4.2* -- 
Zn .28 -- 
C r  .12 2.5 
N i  .08 1 .0  
T i  .05* -- 
Mo .01 -- 
Ag .002 -- 
Mg ,001 -- 
A 1  .0008* -- 
An 10.5 
Mn . 3  
* F i l t r a t i o n  w a s  performed i n  a sub-micron g l a s s  f i l t e r .  
t h e  elements i nd ica t ed  by a n  a s t e r i s k  may have been caused by po r t ions  of 
t h i s  g l a s s  being included i n  the sample a n a l y s i s .  
The d e t e c t i o n  of 
Note: This  compilat ion inc ludes  bo th  x-ray d i f f r a c t i o n  and spec t rographic  
ana lys i s .  The l a t t e r  w a s  performed by t h e  A t l a s  Tes t ing  Company. 
** L. C. Miller had purchased t h i s  p a r t i c u l a r  material from t h e  S h e l l  O i l  Co. 
as " f r e sh ly  r e f ined  kerosene." 
a new b a r r e l )  similar impur i t ies  w e r e  found i n  c o l l o i d a l  suspension.  
I n  sampling a new shipment from S h e l l  ( i n  
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Subsequently t h e  process  h a s  been changed. ' P r e i n f i l t r a t i o n  of t h e  
porous s e c t i o n  of t h e  emitter with e i t h e r  polyethylene g lyco l  o r  po lys tyrene  
c o i l  dope has proven t o  be s a f e  from the  s tandpoin t  of no t  leav ing  a carbon 
r e s i d u e  (or  t h e  formation of tungsten carb ide)  during vacuum.f i r ing.  Emitter 
G-7-1 w a s  processed by flowing p r e f i l t e r e d  kerosene through t h e  plenum chamber 
dur ing  machining. This  emitter was not  t e s t e d ,  however, because no s o l i d  
tungs t en  f l u t e  peaks were re t a ined  due t o  a machining e r r o r .  
Elec t r o p  o l i s  h ing  
Beginning wi th  E m i t t e r  A-1 i t  w a s  noted t h a t  t h e  hea t  r a d i a t i o n  from 
t h e  f r o n t  s u r f a c e  of t h e  emitter w a s  high. 
She l ton  ind ica t ed  an emis s iv i ty  i n  t h e  neighborhood of . 3  t o  .4  compared wi th  
.2  f o r  tungsten a t  1500°K. This  w a s  d i s t i n c t l y  higher  than t h a t  exh ib i t ed  
by E m i t t e r s  D-1  through D-6 which were f a b r i c a t e d  by Semicon of C a l i f o r n i a  
us ing  cold machining of a p l a s t i c  i n f i l t r a t e d  porous tungsten.  
l a t t e r  case an  emiss iv i ty  a lmost  i d e n t i c a l  wi th  t h a t  of s o l i d  tungs ten  was 
measured. Beginning with Emitter F-1 a f i n a l  e l e c t r o p o l i s h i n g  process  w a s  
added t o  t h e  f a b r i c a t i o n  process .  The procedure employed w a s  t h a t  of p lac ing  
t h e  emitter f l u t e d  s i d e  down i n  a sodium hydroxide s o l u t i o n  wi th  a .020 inch  
diameter  tungs ten  rod i n  t h e  center  of each contour  r a d i u s  t o  act  as a cathode. 
Th i s  p r e s e n t s  a uniform f i e l d  t o  t h e  emitter s u r f a c e  and minimizes enlarge-  
ment of t h e  contour  r ad ius .  
Measurements by Forbes and 
In  t h e  
While t h i s  l e d  t o  a s i g n i f i c a n t  reduct ion  i n  emis s iv i ty  and a n  improve- 
ment i n  t h e  porous su r face  s t r u c t u r e ,  several emitters were e f f e c t i v e l y  ru ined  
by lacal ' ized p i t t i n g  a t  va r ious  sites over t h e  emitter s u r f a c e .  Others  became 
rejects because of areas where no metal had been removed because of a f i l m  
of f o r e i g n  material on t h e  surface.  The process  w a s  t h e r e f o r e  d iscarded  as 
being too dangerous. 
During 1965 a program of i n v e s t i g a t i n g  e l e c t r o p o l i s h i n g  of porous 
tungs ten  w a s  i n i t i a t e d  at Oak Ridge under NASA sponsorship.  E m i t t e r  G-2b 
w a s  e l ec t ropo l i shed  a t  Oak Ridge apparent ly  us ing  a s i n g l e  remote cathode. 
The s u r f a c e  f i n i s h  w a s  exce l l en t .  However, a n o t i c e a b l e  inc rease  i n  f l u t e  
r a d i u s  occurred and a few p i t s  were noted.  
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I n  o rde r  t o  improve t h e  e l ec t ropo l i sh ing  process  a r a t h e r  complete 
s tudy  w a s  i n i t i a t e d  on October 1, 1965 a t  TRW Systems. 
has  been developed which: 
A s  a r e s u l t  a process  
(1) 
(2)  does no t  s i g n i f i c a n t l y  al ter t h e  contour o p t i c s ;  
(3)  y i e l d s  t h e  emissivity of s o l i d  tungsten;  and 
(4) 
v i r t u a l l y  e l imina te s  t h e  p i t t i n g  problem; 
improves t h e  su r face  mic ros t ruc tu re  without  s i g n i f i c a n t l y  
en larg ing  t h e  pores .  
The more important f i nd ings  leading t o  t h e  present  process  are l i s t e d  below. 
1. Tungsten i s  removed anodica l ly  i n  a hydrogen s o l u t i o n  a t  t he  rate of 
1 / 6  mole per  Faraday. With sodium hydroxide as t h e  e l e c t r o l y t e  i o n  
flow rate is  con t ro l l ed  by a v iscous  l a y e r  which is uns t ab le .  This  
i s  probably a tungs ten  hydroxyl 
i n t o  an oxide.  
t h e  e l e c t r o l y t e  a slow e tch ing  occurs  r a t h e r  t han  a p o l i s h .  
compound t h a t  tends  t o  decompose 
I f  t h i s  l aye r  i s  not  cont inuously washed away by 
2.  The th i ckness  and v i s c o s i t y  of t h i s  v i scous  l a y e r  increases wi th  
concen t r a t ion  of t h e  hydroxide. A t  o r  above 1% concen t ra t ion  t h e  
removal rates of e i t h e r  porous o r  s o l i d  tungs ten  w i l l  be equal  and 
a smooth su r face  w i l l  r e s u l t  i f  t h e  flow rate  of t h i s  v i scous  l a y e r  
over  t h e  su r face  i s  r e l a t i v e l y  slow and f r e e  of gaseous a g i t a t i o n .  
3 .  P i t t i n g  can be  caused by the presence of undissolved hydroxides a t  
v a r i o u s  sites. This  causes l o c a l  areas of high concen t r a t ion  which 
increases t h e  metal removal rate. 
4 .  P i t t i n g  may a l s o  b e  caused by t h e  presence of impur i t i e s  imbedded 
i n  t h e  tungs ten  which are not  a t tacked  by t h e  hydroxyl i ons ,  do not  
form viscous  l a y e r s ,  and cause a cons iderable  evolu t ion  of oxygen 
due t o  t h e  r e a c t i o n  a t  the  anode 
The scrubbing a c t i o n  of the evolved gas  can break  up t h e  v iscous  
l a y e r  on t h e  tungs ten  i n  the immediate v i c i n i t y .  There may a l s o  
b e  a f u r t h e r  i n c r e a s e  i n  r eac t ion  r a t e  because of l o c a l i z e d  hea t ing  
( t h e  absence of a v i scous  l a y e r  lowers t h e  r e s i s t a n c e  between anode 
and cathode by as much as  a f a c t o r  of t e n ) .  Materials such as 
copper,  s i l v e r ,  gold,  P t ,  Rh, Rh-Mo, and s ta inless  s teel  have t h i s  
c h a r a c t e r i s t i c .  
5. By vacuum f i r i n g  just:  p r i o r  t o  e l e c t r o p o l i s h i n g  most su r f ace  con- 
taminants  are removed. By thoroughly f lu sh ing  t h e  porous tungs ten  
wi th  d i s t i l l e d  water and e l e c t r o l y t e  any s o l u b l e  r e s idues  are 
removed be fo re  vo l t age  i s  app l i ed .  
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6 .  Drawing of f r e s h  e l e c t r o l y t e  through t h e  porous tungs ten  immediately 
fol lowing t h e  po l i sh ing  cyc le  p reven t s  oxide p r e c i p i t a t i o n .  The 
s o l u t i o n  drawn from t h e  pores is a deep b lue  i n  co lor .  This co lo r ing  
which has  n o t  (as y e t )  been chemically i d e n t i f i e d  d isappears  i n  a few 
minutes. 
7. By having t h e  emitter t i l t e d  a t  an ang le  of 45" t o  a l low f r e e  flow of 
t h e  v iscous  f l u i d  a d  employing t h e  close-spaced tungscen g r i d  mentioned 
above as t h e  cathode, a uniform p o l i s h  r e s u l t s ,  wi th only s l i g h t  rounding 
of t h e  f l u t e  peaks ( a  r ad ius  of less than  .0005" has  been observed when 
.001" of tungs ten  i s  removed from t h e  s u r f a c e ) .  
The step-by-step proceeding employed i n  t h e  p re sen t  process  is  out l ined  
The i n  t h e  next  s ec t ion .  
improved s u r f a c e  f i n i s h  is i l l u s t r a t e d  i n  F igures  2 and 3 (which r ep resen t  
Emitters 6 6  and ST1-12 r e spec t ive ly )  showing the  mic ros t ruc tu re  be fo re  and 
a f t e r  po l i sh ing .  
i n  t h e  electrical e f f i c i e n c y .  
The o v e r a l l  r e s u l t s  have been extremely g r a t i f y i n g .  
The lower emis s iv i ty  a l s o  provides  a s i g n i f i c a n t  improvement 
2.1.3 Present  Process  
The va r ious  s t e p s  i n  the  product ion of a n  emitter are l i s t e d  i n  Table 111. 
Many of t h e s e  were descr ibed  i n  de ta i l  i n  NASA CR-54325. The c r i t i c a l  areas i n  
t h e  process  are: (1) vapor p l a t e ,  (2) e l e c t r i c  d i scharge  machining, and 
(3 )  e l e c t r o p o l i s h .  These p a r t i c u l a r  ope ra t ions  are descr ibed  i n  g r e a t e r  
de  t a i l  below. 
Vapor P l a t e  
The v a r i o u s  changes t h a t  were made i n  t h e  vapor p l a t i n g  process  during 
1965 are summarized i n  Table I V .  
(1) P a r t s  and Apparatus 
a. E m i t t e r  
b. Emitter h e a t e r s  - 2 each 30 i n .  long x .023 tungs ten  w i r e  
threaded through a1 imina tubing 
c. Carbon support  boa t  (which p reven t s  tungs ten  depos i t i on  on 
lower ha l f  of emi t t e r )  
d. Quartz emitter support  
e. Quartz b e l l  j a r  (o r  Vycor) 
f .  (1) Tank hydrogen 
g. (1) Tank Tungsten hexaf luor ide  (5 l b s . )  
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a 
x7 00 
( a )  G-6 a f t e r  e l o x  
X700  
(b)  G-6 a f t e r  e l e c t r o p o l i s h  
F i g u r e  2 .  E m i t t e r  G-6  porous s u r f a c e  b e f o r e  
and a f t e r  e l e c t r o p o l i s h i n g .  
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X700 
( a )  ST1-12 a f t e r  e l o x  
X700  
(b)  STL-12 a f t e r  e l e c t r o p o l i s h  
F igu re  3 .  ST1-12 s u r f a c e  f i n i s h  b e f o r e  and 
a f t e r  e l e c t r o p o l i s h i n g .  
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TABLE 111. PRODUCTION CHART 
I 
OPERATION 
a 
. 
- ~ 
1. I n f i l t r a t e  w i t h  
2. C u t  blanks note  p o s i t i o n s  
3. Machine 
4. M e t a l l u r n i c a l l y  pol ish 
a s s i g n  numbers 
5. E t c h  inside plenum . 
6. Defiltrate 
_ _ ~  
Photograph 9 areas fo r  pore 
count 
8.  Densi ty  by Hg immersion 
9.  Transmission c o e f f i c i e n t  
(9-point s) 
l o c  To ta l  t ransmission 
11. Braze feed tube to plenum & 
base 
I 12. Leak check feed  tube  braze I 13. Braze emitter t o  base-feed- 
t u b e  assembly 
14. Inspec t  braze f i l l e t s  & 
minimize as required 
15. Photograph bubble terrt under . 
f reon 
Threshold photo 
Uniform p a t t e r n  photo 
16. Transmission measurement 
17, Dimension check 
18. F i r e  150OOC min for  cleanup 
19. Vapor plate 
20. Leak check vapor plate & 
feed tube braze 
D e p a r t u r e s  from Li s t ed  Operations 
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DATE 
 
Porous Material Source: 
Page 1 of 2 
Emitter No. 
- 
TABLE 111. (cont'd) 
t a r t  F i n i s h  Operator 
21, Prepare for elox 
22. Elox sides 
Remarks 
~ -~ _ _  
23. Leak check sides & feed tube 
24, Elox Grooves 
25. Elox Mounting Holes 
26. Remove elox coolant & i n f i l -  
2 7 ,  Leak check sides & FTB 
28. Vacuum f i r e  for  clean-ur> 
braze 
t rant  
Emitter No. e 
~ 
29, Leak check 
30. Transmission check 
31. Photograph s u r f  ace (225X) 
32. Bubble t e s t  photograph (225X) 
33, Braze feed tube f i t t i n g  
34, Leak check sides PTB 
36. Zlectro-polish photograph and 
37. Assemble i n  Engine 
-
35. p 
f i r e  for  clean-up 
Departures from Listed Operations 
20 
I I DATE 
1 I 
I I 
Porous Material Source: 
aJ c 
aJ 
& a 
0 
aJ z 
w a  
O &  
0 
a w  
3 .A a c  
1-13 
*A I 3 c  
P O  c 
*A VI 
m &  
m a  
aJc 
$ -  
i! 
r l c  w bo.+ 
0 
LI 
aJ u 
B 
rl 
w 
u 
(d 
0 
rl cr 
k 
a, 
u 
3 
0 
4 
w 
u 
(d 
0 
d 
Fr 
Fd 
aJ 
k 
u 
VI 
m 
Ll aJ 
a a 
0 u 
6" 
0 
M 
h 
kl 
c 
0 
*d 
u 
U 
3 a c 
H x aJ 
k 
h 
P.l 
I 
2 
a 
aJ u 
UJ 
d 
!a 
w 
0 
k 
(d 
3 
U 
C 
(d u 
c) 
(d 
2 
5 
0 
d cr 
c 
2 1  
h. A s p e c i a l  vacuum system 
i. S u i t a b l e  meters, gages and e lectr ical  power 
j .  Fore vacuum pump which exhausts  t h e  r e a c t i o n  product gases  through 
a series of l i q u i d  n i t rogen  f i l l e d  D e w a r  f l a s k s .  
(2) Process  
The vapor depos i t i on  of tungsten occurs  when a p a r t i a l  p re s su re  of 
One tungs ten  hexaf luor ide  and hydrogen i s  i n c i d e n t  upon a heated emitter. 
of t h e  major by-products of t h i s  r e a c t i o n  is  hydrof luor ic  ac id .  
t u r e  of t h e  work i s  maintained a t  550°C us ing  a chromel-alumel thermocouple 
a t t a c h e d  t o  t h e  bottom of t h e  emitter. 
a plat inum f l u x .  
3" down from t h e  emitter. 
a n  optimum p l a t i n g  rate, c r y s t a l  s i z e  and uniformity.  
The tempera- 
The thermocouple i s  spotwelded us ing  
A quar tz  t ube  s h i e l d s  t h e  thermocouple f o r  approximately 
This opera t ing  temperature w a s  chosen t o  o b t a i n  
The WF6 f low r a t e  i s  100 cc/min. The hydrogen flow should be 2 SCFH 
H measured on a n  Airco flow gage. (Note: Upstream t ank  p res su re  must b e  
30 p s i  f o r  f low gage t o  be accura te . )  
2 
P r i o r  t o  vapor p l a t i n g  the emitter i s  heated t o  1000°C i n  a p a r t i a l  
p r e s s u r e  of H and he ld  a t  t h i s  temperature f o r  5 minutes.  Power i s  then  
turned  o f f .  Af t e r  cool ing  t h e  emitter s u r f a c e  is  c l o s e l y  inspec ted  f o r  any 
f o r e i g n  p a r t i c l e s .  
f low i s  i n i t i a t e d  and set a t  t h e  d e s i r e d  r a t e  be fo re  in t roducing  t h e  WF6, 
s t a r t -up  t h e  va lve  d i r e c t l y  under t h e  quar tz  tube i s  l e f t  open and t h e  main 
chamber v a l v e  i s  closed.  Af t e r  several minutes of ope ra t ion  a sudden rise i n  
chamber p re s su re  i n d i c a t e s  t h a t  t h e  pores  i n  t h e  emitter have been sea led .  A t  
t h i s  po in t  t h e  main chamber valve i s  cracked and t h e  emitter va lve  c losed .  
A l l  f u r t h e r  p re s su re  c o n t r o l  is  obtained v i a  t h e  chamber va lve .  Normal opera- 
t i n g  p r e s s u r e  i s  about 1 / 2  atmosphere. 
f i l l e d  a f t e r  t h e  emitter has  been inspec ted  fol lowing prehea t .  A l a r g e  amount 
of HF ac id  w i l l  be trapped during t h e  course  of a 2 hour run. These t r a p s  
are very  dangerous 
(Note: 
Tap water should be l e f t  on. Do not  a t tempt  t o  pour water i n t o  t h e  f rozen  
t r a p s .  
2 
I f  none a re  found temperature is  r a i s e d  t o  550°C. Hydrogen 
On 
The l i q u i d  n i t r o g e n  t r a p s  should be 
and t h e  frozen HF.must be disposed of very c a r e f u l l y .  
The t r a p s  should be placed i n  a fume hood and allowed t o  w a r m  up. 
Do no t  l eave  fume hood window up.)  
22 
I n  a 2 hour pe r iod  t h e  tungsten d e p o s i t  w i l l  range between .028 and .032 
inches  i n  th ickness .  
A t y p i c a l  q u a n t i t a t i v e  a n a l y s i s  of t he  impur i t i e s  i n  our vapor p l a t ed  
tungs t en  is  included i n  Table V .  
i d e n t i f i e d  contaminants.  
A l ,  Cu and S i  are t h e  only  p o s i t i v e l y  
E lec t ropo l i sh ing  
(1)  P repa ra t ion  
The s i d e s  and bottom of the  emitter are mechanically and e l e c t r o l y t i c a l l y  
pol i shed  a f t e r  which t h e  emitter is vacuum f i r e d  a t  150OOC f o r  30 minutes and 
t h e  feed  l i n e  coupl ing is  brazed t o  t h e  feed tube.  For e l e c t r o p o l i s h i n g ,  t h e  
feed  tube  and s i d e s  and bottom of t h e  emitter are coated with Micropeel* and 
t h e  feed  tube is  connected t o  a f i l t e r  f l a s k  which i s  a p a r t  of a manifold 
which can be  e i t h e r  p re s su r i zed  o r  evacuated. I n  a s p e c i a l  f i x t u r e  a g r i d  
is placed i n  f r o n t  of t h e  emi t te r  so t h a t  a 0.020" diam. tungs ten  rod i s  sus-  
pended above each contour and i t s  c e n t e r  i s  .005 inch  c l o s e r  t o  t h e  emitter 
than  t h e  contour r ad ius .  
(2) Pol i sh ing  Procedure 
The assembly i s  p laced  i n  a t ank  conta in ing  a 1% s o l u t i o n  
of NaOH at room temperature  wi th  t h e  emitter t i l t e d  a t  45" t o  t h e  v e r t i c a l .  
E l e c t r o l y t e  i s  drawn through t h e  emitter i n t o  t h e  f i l t e r  f l a s k  u n t i l  a l l  
of t h e  t rapped gases  have been removed. The f i l t e r  f l a s k  is then  r a i s e d  t o  
atmospheric p re s su re  and pol i sh ing  i s  begun at 4.5 v o l t s  f o r  a per iod of 
between 20 and 30 ampere minutes.  This i s  s u f f i c i e n t  t o  remove between .5 
and . 7  thousandths of a n  inch  of t ungs t en  from t h e  contoured su r face .  
The f i l t e r  f l a s k  i s  immediately evacuated a t  t h e  conclusion of t h e  
po l i sh ing  u n t i l  s u f f i c i e n t  e l e c t r o l y t e  i s  drawn through t h e  emitter t h a t  
r e a c t i o n  products  are w e l l  d i lu t ed .  These r e a c t i o n  products  are de tec ted  
by a deep indigo b lue  co lo r ing  en ter ing  t h e  f i l t e r  f l a s k  which la ter  be- 
comes t r a n s l u s c e n t .  E l e c t r o l y t e  is  then  rep laced  by d i s t i l l e d  water and 
con t inua l  f l u sh ing  is maintained u n t i l  a n e u t r a l  Ph i s  obta ined .  
* Micropeel manufactured by Michigan Chrome and Chemical Co., D e t r o i t ,  
Michigan. 
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TABLE V. C e r t i f i e d  Report of Spectrographic  Analysis  
of Vapor P la ted  Tungsten 
Sample No. G-4-3 
Tungsten . . . . . . . .  
S i l v e r  . . . . . . . . .  
Aluminum . . . . . . . .  
Boron . . . . . . . . .  
Barium . . . . . . . . .  
Beryl1 ium . . . . . . .  
Bismuth . . . . . . . .  
Cobalt  . . . . . . . . .  
Chromium . . . . . . . .  
Copper . . . . . . . . .  
Magnesium . . . . . . .  
Manganese . . . . . . .  
Molybdenum . . . . . . .  
Niobium . . . . . . . .  
Nickel  . . . . . . . . .  
Lead . . . . . . . . . .  
Tin  . . . . . . . . . .  
Si l i con .  . . . . . . . .  
Titanium . . . . . . . .  
Vanadium . . . . . . . .  
Zirconium . . . . . . .  
T o t a l  o ther  elements . . 
* I n d i c a t e s  Detec t ion  L i m i t  
i tem. 
1 PPM* 
1 0  PPM (de t .  l i m i t  1 )  
1 0  PPM* 
3 PPM* 
1 PPM* 
1 PPM* 
3 PPM* 
3 PPM* 
5 PPM (de t .  l i m i t  1 )  
1 PPM* 
1 PPM* 
30 PPM* 
100 PPM* 
1 PPM* 
3 PPM* 
3 PPM* 
2 0  PPM ( d e t .  l i m i t  3 )  
2 PPM (de t .  l i m i t  3 )  
1 PPM* 
30 PPM* 
300 PPM* 
Analys is  Performed by: Materials Tes t ing  Labora to r i e s  
Div is ion  of Magnaflux Corporat ion 
6800 E. Washington Blvd. 
Los Angeles 2 2 ,  C a l i f o r n i a  
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. 
Afte r  f lushing,  t h e  p l a s t i c  coa t ing  i s  removed and t h e  emitter i s  re- 
It is now ready f o r  assembly i n t o  a n  engine. f i r e d  i n  vacuum. 
2.2 ACCELERATOR GRID DESIGN AND FABRICATION 
This  des ign  evolved from the previous requirement* of a r ep laceab le  
l i gh twe igh t  g r i d  using copper g r id  ba r s .  While a i a r g e r  frame, (providing 
a g r e a t e r  l e n g t h  of support  f o r  the g r i d  b a r s )  i s  obviously d e s i r a b l e ,  t he  
corresponding engine redesign requirements were considered too c o s t l y  f o r  
t h e  p re sen t  program. 
A g r i d  assembly c o n s i s t s  of 53 g r i d  b a r s  of dimensions .018" x .035" 
Two U-channels of x 1.5" are l i g h t l y  r e t a i n e d  i n  a s l o t t e d  g r a p h i t e  frame. 
.002 inches  t h i c k  tungsten s l i p  over t h e  s i d e s  of t h e  frame. 
of g r a p h i t e  i s  sandwiched between t h e  U-channel and t h e  g r a p h i t e  frame on 
t h e  s l o t t e d  s ide .  By having each g r i d  ba r  i n  con tac t  with g r a p h i t e  a lone  
t h e  s t i c k i n g  p r o b a b i l i t y  is  q u i t e  low -- a t  least  f o r  Cu and N i .  The 
assembly is  completed by g r i d  indexing s tep-pins  which are p r e s s - f i t t e d  i n t o  
t h e  g r a p h i t e  t o  r e t a i n  t h e  U-channels. The s l o t t i n g  p i t c h  i n  t h e  g r i d  frame 
is  .0402 inches.  The thermal expansion of g r a p h i t e  and g r i d  temperature 
i s  such t h a t  a p e r f e c t  match occurs between i t  and t h e  e m i t t e r  when t h e  
l a t t e r  i s  opera ted  a t  1500OK. Because of t h e  low expansion c o e f f i c i e n t  
of g r a p h i t e  a 200°C change i n  emitter temperature  w i l l  change t h e  r e g i s t r a -  
t i o n  a t  e i t h e r  end of t h e  emitter by less than  .001". 
A t h i n  shee t  
Copper, Cupron (or  Cupro-Nickel) and n i c k e l  g r i d  b a r s  are prepared 
by r o l l i n g  ,026" w i r e  t o  t h e  dimension .018" x .034". 
followed by electric hea t ing  t o  preanneal  t h e  w i r e  and then  a 10 t o  15% 
draw. Ind iv idua l  g r i d  b a r s  a r e  cut  t o  l eng th  on a s p e c i a l l y  fashioned shear  
which l e a v e s  no b u r r .  
frame. 
gass ing  and t o  check t h e  b a r s  for p o s s i b l e  warpage. 
This  s t e p  i s  
The b a r s  a r e  then  cleaned and assembled i n t o  a g r id  
The completed assembly i s  vacuum f i r e d  a t  700" t o  900°C f o r  out-  
* Contract  AF33(657)-10788 Statement of Work. 
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I r o n  g r i d  b a r s  have beenmore d i f f i c u l t  t o  f a b r i c a t e  and r e q u i r e  a 
more e l a b o r a t e  hea t  t reatment .  
n o t  been developed. 
dur ing  ope ra t ion  than  n i c k e l ,  copper o r  nickel-copper a l l o y s .  
So f a r ,  however, a s a t i s f a c t o r y  process  has  
I n  gene ra l  t h i s  material i s  much more sub jec t  t o  warpage 
Attempts t o  f a b r i c a t e  a s t a b l e  beryl l ium g r i d  assembly has  so f a r  
proved unsuccessful .  
s t r u c t u r a l  i n s t a b i l i t y  of t h e  material. The most l i k e l y  causes  of t h i s  d e f e c t  
now appears  t o  be  ( a )  r e s i d u a l  stresses i n  t h e  processed ba r s  and (b) random 
i n t e r n a l  occ lus ions  f o r  those  g r id  ba r s  which were processed from pressed and 
s i n t e r e d  shee t .  Two f a b r i c a t i o n  procedures were attempted: (1) Brush bery l l ium 
pressed  and s i n t e r e d  shee t  which had been preannealed was processed i n t o  g r i d  
b a r s  by a photoetching technique. 
few minutes of ope ra t ion  i n  an ion beam. 
r o l l i n g  .02" d i a .  bery l l ium wire and then  us ing  t h e  same processing as t h a t  
f o r  copper o r  n i cke l .  Beryllium has a g r e a t e r  tendency t o  weld t o  g r a p h i t e  
t han  copper o r  n i c k e l .  
t h e  b a r s  warped without  s t i ck ing .  
The major d i f f i c u l t y  with beryl l ium has been t h e  
These g r i d  b a r s  gene ra l ly  f a i l e d  a f t e r  a 
(2)  Better r e s u l t s  w e r e  ob ta ined  by 
However i n  experiments wi th  a n i c k e l  p l a t e d  g r i d  frame 
Because of t h e  extremely low s p u t t e r i n g  c ross -sec t ion  of bery l l ium a 
c o n t r a c t  ex tens ion  was  i n i t i a t e d  by NASA t o  s tudy t h e  processing of beryl l ium. 
However t h i s  funding w a s  la ter  cance l led .  
2 . 3  ENGINE ASSEMBLY 
3 A g r i d  change mechanism which w a s  developed under a previous  c o n t r a c t  
h a s  been r e t a ined  as a use fu l  means of eva lua t ing  t h e  in f luence  of g r i d  
materials on an  emitter and a l s o  f o r  checking i t s  e m i s s i v i t y  by measuring 
t h e  hea t ing  requirements with and without  a s p e c i a l  g r id  con ta in ing  a tungs ten  
s h e e t  of emitter dimensions ( s e e  Sec t ion  8 of t h i s  r e p o r t ) .  
The b a s i c  func t iona l  arrangement of t h e  engine components i s  i l l u s -  
t r a t e d  i n  t h e  cutaway drawing of F igure  4 .  When t h e  g r i d  lock  b a r s  are i n  t h e  
p o s i t i o n  shown t h e  g r id  is r e g i s t e r e d  with r e s p e c t  t o  t h e  emitter. Removal 
of a g r i d  i s  accomplished by r o t a t i n g  t h e  e c c e n t r i c  r o t a r y  s h a f t s  on e i t h e r  
s i d e  180" which then  a l lows  f r e e  s l i d i n g  of t h e  g r i d  frame along t h e  g r i d  
s l i d e  r a i l .  The g r i d s  are s to red  i n  a g r i d  c a r t r i d g e  f o r  post  examination 
o r  re-use as  des i r ed .  
base  p l a t e .  
F igure  5 is a photograph of a n  engine mounted on a 
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CENTRIC ROTARY SHAFT 
( Y T L R  MOl iPiT lP s R Q ~  
Figure  4 .  Photograph and cutaway drawing of 
engine module 
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F i g u r e  5. S i n g l e  module eng ine  w i t h  g r i d  
changer. 
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The only change i n  t h i s  desigii dur iny  the plc>sent program has been t h a t  
of r ep lac ing  a l l  molybdenum parts wi th  e i t h e r  tungs ten  o r  rhenium. 
minates  t h e  p o s s i b i l i t y  of emi t te r  contamination wi th  molybdenum which might 
occur  when t h e  emitter is operated i n  a p a r t i a l  p r e s s u r e  of oxygen. 
ox ide  is  yiite v o l a t i l e ) .  
engine  (molybdenum hea t  s h i e l d s .  were prev ious ly  employed) . 
w a s  no t  of primary concern i n  t h i s  program. 
This  e l i -  
(Molybdenum 
While t h i s  lowers t h e  thexmal e f f i c i e n c y  of t h e  
Engine e f f i c i e n c y  
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3. PRE-OPERATIVE EMITTER TESTING AND EVALUATION 
3.1 GENERAL DISCUSSION 
The Shel ton e t  a1  b u t t o n  tests have shown t h a t  t h e  latest  s p h e r i c a l  
t ungs t en  compacts w i th  o r  without a d d i t i v e s  such as i r id ium,  rhenium o r  
tantalum are a s i g n i f i c a n t  improvement over t h e  angular  crushed tungsten 
powder i o n i z e r s  (with perhaps the  except ion of t h e  Spectramat 1-10 micron 
powder l o t ) .  One of t h e  prime o b j e c t i v e s  of t h i s  program has  been t o  de t e r -  
mine i f  t h e s e  p r o p e r t i e s  can b e  reproduced i n  a l a r g e  h igh  perveance t h r u s t o r .  
The main a n t i c i p a t e d  d i f f i c u l t y  i s  t h a t  of maintaining uniform beam 
d e n s i t y  (i.e. permeabi l i ty  uniformity)  i n  such a l a r g e  compact. Var i a t ions  
i n  pore  d e n s i t y  and permeabi l i ty  can be  de t ec t ed  t o  some degree by t h e  
p reope ra t ive  a n a l y s i s  which i s  p a r t  of t h e  p re sen t  f a b r i c a t i o n  procedure. 
These can be later c o r r e l a t e d  with a c t u a l  performance da ta .  
throughput can b e  expected t o  raise t h e  n e u t r a l  f r a c t i o n  and a l s o  th& c r i t i c a l  
temperature  s i n c e  t h e  r eg ion  of h ighes t  cesium gas  f low w i l l  produce ion  
c u r r e n t  d e n s i t i e s  w e l l  above t h e  average measured beam dens i ty .  
Non-uniform 
These va r ious  pre-operat ive measurements are c l a s s i f i e d  below under 
t h e  headings of "pore da ta , "  "bubble pa t t e rns"  and "microphotography." 
3.2 PORE DATA 
Transmissivi ty ,  pore count, and pore  s i z e  d a t a  a re  l i s t e d  i n  Table V I  
through X f o r  emitters G-4-2, G-4-3, G-6, G-6(b), and G-3-2 r e spec t ive ly .  
A s  is t o  be expected, t h e  t ransmission of s p h e r i c a l  t ungs t en  emitters i s  
much lower than  t h a t  of t h e  angular tungs ten  powders [G-6 and G-6(b)]. 
Transmission uni formi ty  over t h e  9 areas was q u i t e  good f o r  each emitter. 
Pore  count and pore diameter  measurements are no t  much d i f f e r e n t  f o r  e i t h e r  
t h e  angular  o r  s p h e r i c a l  tungsten compacts. 
suspec t  however, p a r t i c u l a r l y  when considered i n  r e l a t i o n  t o  t h e  photo- 
micrographs of t h e  meta l lographica l  po l i shed  samples of Figure 6. It i s  
d i f f i c u l t  t o  conceive of how the  pore  count of G-6(b) could be only 20% 
less than  t h a t  of G-4-3. Average pore s i z e  according t o  t h e  count i s  almost 
i d e n t i c a l  f o r  t h e s e  two samples. 
This  l a t t e r  d a t a  i s  somewhat 
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( a )  E m i t t e r  G-6 material (b) E m i t t e r  G-6(b) 
( c )  E m i t t e r  G - 3  (d) Emitter G-4-3 
( e )  Hughes' 324-S material ( f )  TRW tungsten-rhenium a l l o y  
w i t h  t h e  sigma phase  removed t o  
o b t a i n  i n t e r c o n n e c t i n g  p o r o s i t y  
F i g u r e  6. Photomicrographs of v a r i o u s  i o n i z e r  
materials ( a f t e r  m e t a l l o g r a p h i c  
p o l i s h i n g ) .  
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- yigure  6 is  a good i i i u s t r a t i o n  of t h e  progress  i n  contac t  ion  emitter 
material development during t h e  past few years .  
r e p r e s e n t  t h i s  s ta te-of- the-ar t  as  i t  was i n  1 9 6 1 t o  1962. 
b e  r e p r e s e n t a t i v e  of t h e  earlier s p h e r i c a l  tungs ten  compacts. 
material (from which G-7-1, and G-7-3 emitters were f a b r i c a t e d )  shows an  im- 
provement i n  pore d i s t r i b u t i o n .  The f i n a l  microphotograph r e p r e s e n t s  t h e  
formation of porous tungs ten  from a s p e c i a l  tungsten-rhenium a l l o y  - a  T R W  
Sys tems development. 
3 . 3  BUBBLE PATTERNS 
G-6(b) and G-6 e s s e n t i a l l y  
G-3 and G-4 might 
Hughes 324-S 
4 
Bubble tests, whi le  not  a conclus ive  eva lua t ion  of permeabi l i ty  uni- 
formi ty  do d e t e c t  g ross  d i f f e rences  i n  t ransmiss ion  which might be  caused by 
i n t e r n a l  c racking  o r  l o c a l i z e d  voids.  
check ( t h e  t ransmiss ion  measurements of Tables V I  through X are only  l o c a l i z e d  
s p o t  checks).  
It i s  e s s e n t i a l l y  a quick over -a l l  
This technique of submerging a n  emitter i n  chemically pure acetone and 
f o r c i n g  argon gas  through t h e  emitter by way of t h e  feed  tube  i s  a l s o  u s e f u l  
i n  d e t e c t i n g  l eaks  through t h e  s ides  o r  bottom of t h e  emitter. Leak checks 
were normally made a t  8 t o  10 p . s . i .  Since t h e  r ecen t  s i d e  leakage problem 
developed, t h i s  p re s su re  l i m i t  has been r a i s e d  t o  20 p . s . i .  
F igure  7 con ta ins  photographs of t h e  bubble p a t t e r n  f o r  several emitters 
taken  immediately a f t e r  braz ing .  
emitters i n  descending o rde r  of throughput un i formi ty  as G-6(b), G-4-2, G-7-1, 
G-4-3, G-7-3, and ST1-10. ST1-10 is so non-uniform t h a t  i t  probably would be 
u s e l e s s  as a n  emitter. This  i s  one of t h e  reasons  t h a t  i t  w a s  s e l e c t e d  f o r  
s e c t i o n i n g  a f t e r  completion of the vapor p l a t e  and contouring by E.D.M. 
From t h e s e  tes ts  one would ra te  t h e s e  
Another u s e f u l  f u n c t i o n  of t h e  bubble test is  t h a t  of comparing t h e  
gas  bubble p a t t e r n s  of t h e  as-brazed emitter with t h e  f i n i s h e d  product as 
i l l u s t r a t e d  i n  F igure  8. G-6 shows e x c e l l e n t  uniformity i n  both cases. 
ST1-12 shows t h e  same b a s i c  p a t t e r n  of nonuniformity i n  both cases. This 
i n d i c a t e s  t h a t  t h e  emitter c h a r a c t e r i s t i c s  have not  been s i g n i f i c a n t l y  a l t e r e d  
by t h e  vapor p l a t i n g  o r  e l e c t r i c  d i scharge  machining opera t ions .  
s t reaming of t h e  gas  bubbles f o r  t h e  e l ec t ropo l i shed  emitter (ST1-12) i s  an  
i n d i c a t i o n  of an  improved sur face  m i c r o s t r u c t u r e  over that of t h e  o r i g i n a l  
as-brazed su r face .  
The f i n e  
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(a) G-6(b) [2 .5  p s i ]  
( c )  G-4-3 [6 .5  p s i ]  
( e )  G-7-3 [ l o  p s i ]  
(b)  G-4-2 [ 4 . 5  p s i ]  
(d)  G-7-1 [ l o  p s i ]  
( f )  ST1-10 [ 2  p s i ]  
F igu re  7 .  Bubble p a t t e r n s  of s e v e r a l  
emitters a f t e r  complet ion of 
t h e  b r a z i n g  o p e r a t i o n  (back 
p r e s s u r e  of Argon i n d i c a t e d  i n  
b r a c k e t s ) .  
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( c )  ST1-12 a f t e r  b raze  [ 8  p s i ]  
F igu re  8. 
- . . . . .I ,) . - .  .. ..L c
*." 
~, ..* . . . . _  
. .- . .. . . . . . b - . ,.. , 
--...e....--- . . I . .  -.- .... -... 1 ..... L. . .a.-,...C. 
(b) G-6 a f t e r  e l o x  [1 .5  p s i ]  
(d)  ST1-12 a f t e r  p o l i s h  [ 6  p s i ]  
Comparison of bubble  p a t t e r n s  
a f t e r  b r a z e  wi th  t h a t  of t h e  
completed emitter (back p r e s s u r e  
of Argon i n d i c a t e d  i n  b r a c k e t s ) .  
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3.4 MICROPHOTOGRAPHY 
The dramatic  improvement of a n  emitter s u r f a c e  a f t e r  e l e c t r o p o l i s h i n g  
as compared wi th  t h e  e l e c t r i c  d i scharge  machining w a s  i l l u s t r a t e d  i n  t h e  
photographs of F igures  2 and 3. 
s u r f a c e  and an  e l ec t ropo l i shed  su r face  i s  i l l u s t r a t e d  i n  Figure 9 where both 
$pes are i l l u s t r a t e d  as obtained from a Hughes 324-S material sample. 
gene ra l  b a s i s  of pore  d i s t r i b u t i o n  one would expect a supe r io r  performance 
from t h e  e l ec t ropo l i shed  s u r f a c e  as  an  i o n  emitter, 
The d i f f e r e n c e  between a mechanically pol i shed  
On t h e  
I f  t h i s  were r e a l l y  t h e  case t h i s  e l ec t ropo l i shed  emitter (G-7-3) 
would outperform any con tac t  i on ize r  ever t e s t e d .  This  s ta tement  i s  made 
because t h i s  p a r t i c u l a r  mechanically pol i shed  sample from which t h e  photo- 
micrograph of Figure 9(a)  w a s  made y i e lded  t h e  b e s t  con tac t  i o n i z e r  r e s u l t s  
t o  da t e .  
F igure  10 shows an enlarged view of t h e  f l u t e  contour of ST1-10 which 
w a s  sec t ioned  immediately a f t e r  completion of t h e  e lec t r ic  d ischarge  machining 
opera t ion .  The s o l i d  f l u t e  t i p s  show a r a t h e r  ragged uneveness. 
formed i n  t h i s  reg ion  (due t o  back r e f l e c t e d  n e u t r a l s )  would probably s t r i k e  
t h e  a c c e l e r a t o r  g r i d .  
The seeming roughness and increased p o r o s i t y  i n  t h e  porous tungs ten  t o  a 
depth  of about one thousandth of an inch  below t h e  contour s u r f a c e  may be a 
t r u e  r e p r e s e n t a t i o n  of t h e  su r face  cond i t ion  a f t e r  E.D.M.; o r  i t  may have 
been caused during po l i sh ing  of the  sample f o r  meta l lographic  in spec t ion .  I n  
any event t h i s  i s  t h e  approximate amount of material which is  removed during 
t h e  e l e c t r o p o l i s h  opera t ion .  
Any ions  
Elec t ropol i sh ing  improves t h i s  s u r f a c e  considerably.  
3.5 DISCUSSION OF THE DATA 
While permeabi l i ty  uniformity f o r  t h e  s p h e r i c a l  tungs ten  emitters i s  
gene ra l ly  poorer  than  t h a t  of t h e  angular  tungs ten  compacts t h e  G-4 series 
emitters and t h e  G-7 series emi t t e r s  are no t  s i g n i f i c a n t l y  worse. One could 
a n t i c i p a t e  t h e r e f o r e  good o v e r a l l  performance f o r  t h e s e  p a r t i c u l a r  emitters. 
The ST1-10 and ST1-12 uniformity being poor impl ies  t h a t  t h i s  emitter 
s i z e  i s  too  l a r g e  f o r  t h i s  ma te r i a l .  I n  gene ra l  it appears  t h a t  t h e  1.2"  x 
2.0" s l a b  s i z e  requi red  f o r  t h e  porous material  i s  approaching t h e  upper 
l i m i t  f o r  uniform compacts of s p h e r i c a l  tungsten.  
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( a )  Mechanical ly  po l i shed  f o r  me ta l log raph ic  i n s p e c t i o n .  
(b) E l e c t r o p o l i s h e d  
F i g u r e  9.  Comparison of mic ro - s t ruc tu re  a f t e r  
e l e c t r o p o l i s h i n g  w i t h  t h a t  of me ta l lo -  
g r a p h i c  p o l i s h  (Hughes 324-S m a t e r i a l ) .  
a 
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4.1 VACUUM STATIONS 
The i o n  engine t e s t i n g  f a c i l i t y  i nc ludes  two 4'  x 8'  s t a i n l e s s  steel 
vacuum chambers each equipped with a cryo-baffled 10 inch NRC d i f f u s i o n  
pump. The u l t i m a t e  vacuum is 7 x t o r r .  Each tank  i s  equipped wi th  a 
quadrupole mass spectrometer f o r  r e s i d u a l  gas  a n a l y s i s .  Two copper l i n e r s  
and a 4'  d i a .  x .5" t h i c k  copper c o l l e c t o r  p l a t e  provide a Faraday cage around 
t h e  i o n  beam. The l i n e r  nea res t  t h e  engine is cooled by r e f r i g e r a t i o n .  
o t h e r  l i n e r  and t h e  c o l l e c t o r  are water cooled. Means are provided f o r  
checking input  and output  temperatures of t h e  cool ing  f l u i d .  
a cross-check upon t h e  power dens i ty  and d i s t r i b u t i o n  of t he  ion  beam. 
The 
This provides  
A view of one s t a t i o n  is  i l l u s t r a t e d  i n  Figure  11. The engine can be 
viewed a t  any t i m e  through t h e  viewing p o r t  shown i n  t h e  photograph t o  t h e  
r i g h t  of t h e  opera tor .  A r o t a r y  seal provides  access t o  a t r a p  door which 
can be r a i s e d  o r  lowered when viewing is  des i r ed .  This t r a p  door i s  a 
p o r t i o n  of t h e  r e f r i g e r a t e d  l i n e r .  
4.2 VACUUM CONTROL AND INTERLOCK 
The tank vacuum i s  measured cont inuously by an NRC Company thermo- 
couple  gauge and t h e  d i f f u s i o n  pump b a f f l e  i s  c o n t i n u a l l y  cryo-cooled with 
l i q u i d  n i t rogen  by means of a n  automatic t r a p  f i l l e r .  A s p e c i a l  s a f e t y  
i n t e r l o c k  c i r c u i t r y  designed by TRW Systems removes the  h igh  vo l t age  and 
b o i l e r  power i n  case of a prolonged arc o r  a permanent s h o r t  of t h e  accelera- 
t o r  g r i d  t o  e i t h e r  t h e  engine or  t h e  grounded frame. 
f a i l u r e  t h e  e n t i r e  power i n t o  the  engine is  removed and t h e  head g a t e  is  
c losed  by means of a pneumatic valve.  The wir ing diagram f o r  t h i s  s a f e t y  
i n t e r l o c k  i s  shown i n  Figure 1 2 .  
I n  case of vacuum 
4 . 3  ASSOCIATED POWER SUPPLIES AND MEASURING EQUIPMENT 
4.3.1 Engine Operation 
Each s t a t i o n  has  s u f f i c i e n t  power and measuring equipment t o  ope ra t e  
two TRW Systems' i on  engines  cont inuously a t  each s t a t i o n .  
supply f o r  S t a t i o n  No. 1 has  a maximum vo l t age  c a p a b i l i t y  of 4000 v o l t s  a t  
The high v o l t a g e  
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a 
Figure  11. One of f o u r  4 f t  by 8 f t  
vacuum tanks.  
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40 KVA r a t i n g .  S t a t i o n  No. 2 has a 5000 v o l t  c a p a b i l i t y  a t  10  KVA. E m i t t e r  
h e a t e r s  and b o i l e r  h e a t e r s  are Variac con t ro l l ed  and i s o l a t i o n  is  provided 
by s p e c i a l l y  wound and i s o l a t e d  t ransformer cores .  Each s t a t i o n  has a b i a s  
g r i d  power supply whose output  vo l tage  can b e  cont inuously ad jus t ed  between 
ze ro  and -600 v o l t s .  
E m i t t e r  vo l t age ,  b i a s  vo l tage ,  a l l  h e a t e r  vo l t ages  and c u r r e n t s  are 
measured by means of d i rec t - reading  T r i p l e t t  meters. Source c u r r e n t ,  beam 
c u r r e n t  and g r i d  d r a i n  are measured d i r e c t l y  on a s p e c i a l l y  f a b r i c a t e d  and 
c a l i b r a t e d  panel  conta in ing  redundant multi-range meters. Bo i l e r  tempera- 
t u r e  i s  obtained by connecting the a s soc ia t ed  Chromel-Alumel thermocouple 
o u t l e t  t o  a p reca l ib ra t ed  20 microammeter movement. E m i t t e r  temperature  can 
be  checked a t  any t i m e  us ing  a Leads and Northrup m u l t i v o l t  potent iometer  
Model No. 8690 with an i s o l a t i o n  cage t o  prevent  a c c i d e n t a l  e l e c t r o c u t i o n  
of t h e  opera tor .  Beam c u r r e n t  and g r i d  d r a i n  are monitored cont inuously 
on a 2-channel Varian S t r i p  Chart Recorder. 
4.3.2 Neutra l  De tec to r s  
The n e u t r a l  cesium d e t e c t o r  used f u r  t h i s  and previous  c o n t r a c t s  is  
i l l u s t r a t e d  schemat ica l ly  i n  Figure 13 .  A p a i r  of co l l ima t ing  a p e r t u r e s  
d e f i n e  t h e  d i r e c t i o n  from which n e u t r a l  cesium atoms w i l l  b e  accepted.  
n e u t r a l  atomic beam, so def ined ,  s t r i k e s  a tungs ten  r ibbon i o n i z e r  opera t ing  
above t h e  c r i t i c a l  temperature.  The ions formed are acce le ra t ed  away from 
t h e  i o n i z e r  by a p o s i t i v e  i o n i z e r  p o t e n t i a l  of about 50 v o l t s .  The ion  
c u r r e n t  i s  c o l l e c t e d  on a nearby p l a t e  and is  measured by a low cu r ren t  
e l ec t rome te r .  A s h u t t e r  and an  ion  d e f l e c t o r  are p laced  between the  c o l l i -  
mating ape r tu re s .  The s h u t t e r  provides  means f o r  monitor ing background 
c u r r e n t s  no t  a s soc ia t ed  w i t h  
f l e c t o r  prevents  en t rance  of ions  o r  e l e c t r o n s  i n t o  t h e  d e t e c t o r .  
The 
n e u t r a l  cesium being measured. The i o n  de- 
When used t o  measure n e u t r a l  e f f l u x  from a n  i o n i z e r ,  t h e  d e t e c t o r  
c u r r e n t  i s  measured under t h r e e  condi t ions :  
1. Shu t t e r  c losed  (background c u r r e n t )  
2. 
3 .  Shu t t e r  open - ion  acce le ra t ing  vo l t ages  "offt ' .  
Shu t t e r  open - ion  a c c e l e r a t i n g  v o l t a g e s  "ontt 
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NEUTRAL CESIUM 
COLLl MATING 
HOT TUNGSTEN PUMPING 
-- 
HUTTER MECHANISM 
0-300V 
MILLI- 
MICRO 0- 150V r r  
Figure 13 .  Schematic layout  of t h e  n e u t r a l  
cesium de tec to r .  
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The r a t i o  of voltage-on t o  voltage-off readings  co r rec t ed  f o r  background 
c u r r e n t s  (usua l ly  smal l )  is taken t o  be t h e  f r a c t i o n ,  a ,  of n e u t r a l  e f f l u x  from 
t h e  t h r u s t o r .  
d i s t r i b u t i o n  f o r  n e u t r a l  e f f l u x ,  d e t e c t o r  l i n e a r i t y ,  non- in te r fe rence  from t h e  
ions ,  etc. These assumptions a r e  u s u a l l y  v a l i d  i f  reasonable  care i s  taken i n  
t h e  des ign  and placement of t h e  n e u t r a l  d e t e c t o r .  
Several  t a c i t  assumptions are made,such as constancy of t h e  angular  
During t h e  present  program two n e u t r a l  d e t e c t o r s  have been employed f o r  
2 t e s t i n g  each i o n i z e r .  Each one sees approximately 2 cm of emitter area. 
D-C power s u p p l i e s ,  s h u t t e r  c o n t r o l  and h e a t e r  c a p a b i l i t y  i s  provided f o r  
two n e u t r a l  d e t e c t o r s  a t  each s t a t i o n .  Equivalent  n e u t r a l  reading is read 
d i r e c t l y  on H e w l e t t  Packard Model No. 425A D-C Microvolt  Ammeters and a l s o  
monitored cont inuously on a 2-channel Varian S t r i p  Chart  Recorder. 
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5 .  ENGINE OPERATIONAL PERFOXNANCE 
5.1 CORRECTION O F  MEASURED NEUTRAL FRACTION DATA AND CORRELATION O F  ENGINE 
AND BUTTON I O N I Z E R  MEASUREMENTS 
A s  f i r s t  pointed o u t  on Page 86 of Ref. 3 measured n e u t r a l  e f f l u x  
must be co r rec t ed  f o r  a backsca t t e r ing  f a c t o r ,  G when t h e  a c c e l e r a t i n g  g r i d  
i n  any way impedes t h e  molecular f low of n e u t r a l  e f f l u x .  
overlooked by many workers i n  the  f i e l d  and hence bea r s  r epea t ing  here .  
This  f a c t  has  been 
Beam "on" measurements do not  measure backsca t te red  n e u t r a l s  due t o  
t h e  f a c t  t h a t  t h e s e  are ionized  upon s t r i k i n g  t h e  emitter su r face ;  dur ing  
beam "off" measurements, however t h e  i o n i z e r  no longer  acts as a s ink .  
t h e  r a t i o  of "on'' t o  ' 'off' ' n e u t r a l  measurements does measure t h e  ope ra t ing  
p r o p e l l a n t  u t i l i z a t i o n  t h i s  n e u t r a l  d e n s i t y  can b e  s i g n i f i c a n t l y  less than i n  
t h e  accel reg ion  where improperly focused (and hence g r i d  eroding)  charge 
exchange i o n s  are formed i n  d i r e c t  p ropor t ion  t o  t h e  n e u t r a l  dens i ty .  
t h e  "true" n e u t r a l  f r a c t i o n  emerging 
While 
The measured n e u t r a l  f r a c t i o n  a m y  
from t h e  emitter, a, and t h e  n e u t r a l  f r a c t i o n ,  a i n  t h e  acce le ra t ed  reg ion  
are r e l a t e d  as fol lows:  
a' 
(1 - G L  
(1 - a G )  a = a  m 
(1 + G )  a = a  a (1 - a G )  
a 1 t G  
a 1 - G  m 
o! 
- =  
For a p a r a l l e l  s l i t  geometry such as  t h e  T R W  Systems' ion  engine G 
can be ca l cu la t ed  approximately from t h e  express ion  
(3 
G = W/Wf t (1 - W/Wf) (1 - K) 
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where 
and 
W = width of a g r i d  
Wf = spacing between 
ba r  
ad jacen t  i o n i z e r  f l u t e s  
K = Claus ing ' s  f a c t o r >  f o r  tubes  of r ec t angu la r  
c ros s  sec t ion .  
For t h e  TRW Systems' engine G = .7. The r e l a t i o n s h i p  between a and 
I n  comparing engine  d a t a  a 
w i t h  t h a t  of b u t t o n  i o n i z e r  d a t a  of Shel ton,  H a l l  and Cho t h e  co r rec t ed  
a w i l l  be  used r a t h e r  t han  am. 
f o r  t h i s  va lue  of G is  p lo t t ed  i n  F igure  14. m 
Button d a t a  needs no co r rec t ion  f o r  r e f l e c t i o n  s i n c e  the  a c c e l e r a t i n g  
Some of t h e  b u t t o n  d a t a  presented  
This  q u a l i f i c a -  
e l e c t r o d e  i s  a c t u a l l y  behind t h e  ion ize r .  
h e r e i n  w i l l  be  l abe led  ' ' neu t ra l  f r a c t i o n  a t  20" t o  normal." 
t i o n  i s  made because of a r ecen t ly  discovered forward peak i n  t h e  n e u t r a l  
e f f l u x  which impl i e s  that measurements of n e u t r a l  f r a c t i o n  a t  20" are a 
f a c t o r  of 2 too  h igh  f o r  charge exchange c a l c u l a t i o n s .  
Neut ra l  d e t e c t o r s  f o r  t h e  engine measurements are of f  a x i s  30" and 
would t h e r e f o r e  be  a f a c t o r  of 1 .5  too high according t o  t h e  same i n t e g r a t e d  
d i s t r i b u t i o n .  However, t h e  add i t iona l  focusing a c t i o n  of t h e  emitter contours  
probably adds a s u f f i c i e n t  increment i n  t h e  forward d i r e c t i o n  t h a t  t h e  d i s t r i -  
b u t i o n a l  c o r r e c t i o n  f a c t o r s  f o r  e i t h e r  engine o r  bu t ton  d a t a  are about t h e  
same. 
The engine emitter performance w i l l  t h e r e f o r e  be  r e f e r r e d  t o  a s  dup l i -  
c a t i n g  t h e  bu t ton  i o n i z e r  d a t a  when a as determined from t h e  measured n e u t r a l  
f r a c t i o n  a us ing  e i t h e r  equat ion (1) o r  F igu re  15 ,dup l i ca t e s  t h e  "20"" 
bu t ton  measurements. 
m 
The bu t ton  measurements f o r  c l ean  pol i shed  Hughes' 3248 material 
(which a l s o  r e p r e s e n t s  t h e  b e s t  published con tac t  i o n i z e r  e f f i c i e n c y  t o  d a t e )  
can be  used as a n  i l l u s t r a t i o n .  This  d a t a  is  p l o t t e d  i n  F igure  15. The 
b u t t o n  d a t a  of .28% a t  1400°K f o r  a c u r r e n t  d e n s i t y  of 20 m a / c m 2  would be 
dup l i ca t ed  by engine tests i f  t he  n e u t r a l s  a t  t h e  same temperature  and c u r r e n t  
d e n s i t y  measured .085% i n  an  oxygen f r e e  environment. 
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MEASURED NEUTRALS (PERCENT) 
Figure 14. P l o t  of t h e  t r u e  v e r s u s  measured 
n e u t r a l  f r a c t i o n  f o r  t h e  TRW Systems' 
engine design.  
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EMITTER TEMPERATURE, OK 
Figure 15. Button tes t  of c lean  polished 
Hughes 324-S material: a v s  T 
for  va r ious  cu r ren t  d e n s i t i e s .  
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The ind ica t ed  work func t ion  l i n e s  i n  F igure  15 are used f o r  a l l  ct v s  T 
p l o t s  recorded here .  These a r e  ca l cu la t ed  from t h e  Saha-Langmuir equat ion.  
A t  cu r r en t  d e n s i t i e s  below a c e r t a i n  l e v e l  (usua l ly  5 ma/cm) t h e  
n e u t r a l  f r a c t i o n  l e v e l s  of f  a t  a va lue  which i s  C h a r a c t e r i s t i c  of t h e  sub- 
s t ra te  material . This  l e v e l i n g  of f  va lue  when co r rec t ed  f o r  backsca t te r ing ,  
can be used i n  t h e  Saha-Langmuir equat ion t o  determine the  work func t ion .  
7 
While t h e r e  i s  some argument as t o  whether t h i s  ca l cu la t ed  work func- 
t i o n  i s  a c t u a l l y  t h e  work func t ion  of t h e  s u b s t r a t e  ( i . e .  t h e  accepted 
tungs t en  work func t ion  i s  4.62 eV f o r  p o l y c r y s t a l l i n e  material and t h e  va lue  
f o r  porous tungs ten  is  ca lcu la ted  from t h e  Saha-Langmuir equat ion using t h e  
" l eve l ing  o f f "  n e u t r a l  f r a c t i o n  is c l o s e r  t o  4.8 e V ,  it has been found by 
Shel ton  and Cho t o  be the  same f o r  most uncontaminated i o n i z e r s .  7 
Thus t h e  d a t a  of F igure  15 i n d i c a t e s  a s u b s t r a t e  work func t ion  of 
n e a r l y  4.8 v o l t s  f o r  Hughes 3248 material. 
I n  des igna t ing  s u b s t r a t e  work func t ion  t o  engine da t a ,  care i s  taken  
t o  u s e  a lower than  average cur ren t  d e n s i t y  s i n c e  t h e  " l eve l ing  o f f "  i m p l i e s  
t h a t  n e u t r a l  f r a c t i o n  is no longer dependent upon pore  d i s t r i b u t i o n .  A r i s e  
i n  n e u t r a l  f r a c t i o n  wi th  emitter temperature  is  a good i n d i c a t i o n  t h a t  t h e  
s u b s t r a t e  c h a r a c t e r i s t i c  i s  the determining f a c t o r  -- not  t h e  pore  d i s t r i -  
bu t ion .  
5 .2  THE EMITTER CONTAMINATION PROBLEM 
U n t i l  r ecen t ly  t h e  measured n e u t r a l s  from t h e  l a r g e  i o n i z e r s  has been 
cons iderably  h igher  than  t h a t  from comparable but ton da ta .  
The se r iousness  of t h i s  problem dur ing  l a s t  y e a r ' s  program i s  i l l u s -  
t r a t e d  by comparing t h e  bu t ton  da ta  f o r  G-4 material i n  F igure  16 w i t h  
emitter G-4-1 performance d a t a  of Figure 1 7 .  Remembering t h a t  t h e  measured 
n e u t r a l s  of engine d a t a  must b e  mul t ip l i ed  by 3 t o  be compared wi th  t h e  
bu t ton  measurements we see t h a t  even a t  temperatures  200" above t h e  normal 
c r i t i c a l  temperatures  ( f o r  t h e  button) t h e  equiva len t  n e u t r a l s  from t h e  
engine are almost an  order  of magnitude higher .  
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Figure  16. Button tes t  of G-4 material a f t e r  
e l e c t r i c  d i scharge  machining. 
cy vs T a t  var ious  i o n  c u r r e n t  d e n s i t i e s .  
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It i s  now known that  t h i s  l a r g e  d i f f e r e n c e  i n  performance was due t o  
a combination of poor s u r f a c e  micros t ruc ture  and a "remnant-oxygen" condi t ion .  
Our a b i l i t y  t o  v e r i f y  t h i s  conclusion i s  l a r g e l y  due t o  our p re sen t  
c a p a b i l i t y  of in t roducing  e i t h e r  an  oxydizing o r  reducing atmosphere during 
a c t u a l  engine ope ra t ion  without  a t  t h e  same time carb id ing  t h e  emitter or 
contaminat ing it  wi th  such material as molybdenum ( s e e  engine des ign  changes 
of Sec t ion  2 . 3 ) .  
This  "remnant-oxygen" condi t ion  which i s  cha rac t e r i zed  by high poorly 
def ined  c r i t i c a l  temperatures  apparent ly  r e q u i r e s  p r i o r  ope ra t ion  i n  an  
oxygen o r  water vapor environment. I f  t h i s  oxygen l e v e l  i s  s u f f i c i e n t l y  high,  
t h e  emitter d a t a  matches o r  even improves upon t h e  bu t ton  performance. 
F igure  18 i l l u s t r a t e s  t h e  s i m i l a r i t y  of t h e  ''oxygenated" d a t a  obtained 
2 -6 a t  10 ma/cm . Curve (1) rep resen t s  G-6(b) emitter da ta*  i n  8 x 10  t o r r  
O2 whi le  Curve ( 4 )  w a s  ob ta ined  from bu t ton  measurements of t h e  same material 
i n  5 x t o r r  02. 
Shor t ly  a f t e r  t h e  O2 removal t h e  a v s  T c h a r a c t e r i s t i c  of t h e  emitter 
became t h a t  of Curve ( 2 ) .  
c h a r a c t e r i s t i c  is q u i t e  s t a b l e  fo r  long pe r iods  of ope ra t ing  t i m e  i n  a good 
vacuum and is  r e p r e s e n t a t i v e  of a "remnant-oxygen" condi t ion .  
This  high n e u t r a l  - h i g h  c r i t i c a l  temperature  
However, af ter  15 t o  30 minutes of reducing atmosphere of ace ty l ene  
a t  5 - 9 x lo" t o r r  t h e  "clean" tungsten c h a r a c t e r i s t i c  of Curve (3)  i s  
obta ined .  This  condi t ion  too  i s  s t a b l e  f o r  long per iods  of t i m e  i n  an oxygen 
(or  water vapor)  f r e e  environment. 
F igure  19 shows t h e  am vs T c h a r a c t e r i s t i c s  i n  t h e  ''oxygenated'', 
2 
remnant-oxygen" and "clean" tungsten cond i t ion  f o r  emitter G-6(b) a t  'I  
5 m a / c m  . 
appropr i a t e  sequence of oxygen or  ace ty l ene  add i t ion .  
Any one of t h e s e  curves could be repea ted  a t  any time by t h e  
* Taken before  s p u t t e r i n g  of t he  s u r f a c e  i n  an ion  beam. 
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( 
1800 
EMITTER G-6(b) 
1600 1400 1200 
IONIZER TEMPERATURE ( O K )  
Figure 18. Evidence of remnant-oxygen con- 
d i t i o n s  - i t s  genera t ion  and removal 
by means of t h e  oxygen-acetylene cyc le .  
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I 1 
SHOWING COMPLETE OXYGEN- 
- EMITTER G-6( b) @ 5 rna/cm 2 
c 
ACETYLENE CYCLE 
EMITTER TEMPERATURE O K  
Figure  19. Measured n e u t r a l  f r a c t i o n  vs 
temperature a t  5 ma/cm2. Data 
shows complete oxygen-acetylene 
cyc le .  
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Figure 20 shows ct vs T curves a t  5, 1 0  and 15 ma/cm2 f o r  t h i s  same 
emitter measured during o r  s h o r t l y  a f t e r  ace ty l ene  exposure,  i.e. wi th  t h e  
emitter i n  t h e  "clean" tungsten condi t ion.  
2 t h e  10 m a / c m  curve.  The same c h a r a c t e r i s t i c  curve w a s  obtained before  and 
P a r t i c u l a r  a t t e n t i o n  i s  drawn t o  
a f t e r  24 hours  of cont inuous opera t ion  a t  15 m a / c m  2 without  f u r t h e r  ace ty l ene  
exposure.  
a t  as low a l e v e l  as  1 x 10  
cause  eventua l  conversion of t h e  emitter i o n i z e r  c h a r a c t e r i s t i c  t o  t h e  
It w a s  found later t h a t  a tank  vacuum which included water vapor 
-7 t o r r  (as measured by t h e  gas  ana lyzer )  would 
remnant-oxygen" condi t ion .  II 
5.3 THE EFFECT OF IMPROVED SURFACE MICROSTRUCTURE 
The curves of F igures  18, 19,  and 20 were taken wi th  G-6(b) i n  t h e  
as-eloxed* condi t ion ,  It w a s  noted t h a t  a t  ion  c u r r e n t  d e n s i t i e s  of 10 and 
15 m a / c m  2 t h e  "clean" tungs ten  curves measured a n e u t r a l  minimum about 3 
times g r e a t e r  than  t h a t  of t h e  equivalent  but ton d a t a  whi le  a t  5 ma/crn2 t h e r e  
w a s  almost a 1/1 correspondence. 
As discussed  i n  Sec t ion  5.1, t h e  low c u r r e n t  d e n s i t y  measurements are 
i n d i c a t i v e  of t h e  s u r f a c e  work func t ion  whi le  t h e  high cu r ren t  d e n s i t y  
c h a r a c t e r i s t i c s  are more s e n s i t i v e  t o  t h e  pore d i s t r i b u t i o n .  
a t  5 m a / c m 2  i n  c o n t r a s t  w i th  t h e  l a r g e  discrepancy a t  IO and 1 5  m a / c m 2  w a s  
considered good evidence t h a t  G-6(b) w a s  sub jec t  t o  pore clogging r a t h e r  than 
a low work func t ion  su r face .  
The c l o s e  match 
Subsequently t h i s  emitter w a s  spu t t e red  i n  an  ion  beam u n t i l  from 7 5  
t o  100 micro-inches of t h e  su r face  had been removed. When r e - i n s t a l l e d  as an 
ion  engine i t  w a s  found t h a t  while  t h e  5 ma/cm2 "clean" curve w a s  on ly  s l i g h t l y  
improved by t h i s  ope ra t ion  t h e  1 0  and 15 m a l c m  
a f a c t o r  of 3 .  
Figure  21. This  improved emitter d a t a  w a s  now equiva len t  t o  o r  a c t u a l l y  supe r io r  
t o  t h e  but ton  data** as is i l l u s t r a t e d  i n  F igure  22. 
2 curves  were improved by almost 
Before and a f t e r  s p u t t e r i n g  C h a r a c t e r i s t i c s  are i l l u s t r a t e d  i n  
* A s  contoured by e lectr ic  d ischarge  machining and p r i o r  t o  e i t h e r  s p u t t e r i n g  
** Button measurements were made from two samples taken from t h e  same s l a b  from 
o r  e l ec t ropo l i sh ing .  
which G 6 ( b )  w a s  f a b r i c a t e d .  
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Figure 20. Measured n e u t r a l  f r a c t i o n  
vs temperature f o r  emitter G-6(b) 
a f t e r  ace ty l ene  exposure. Data 
taken a t  5 ,  10,  and 15  ma/cm2. 
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EMITTER TEMPERTURE "K 
2 
Figure 21. Measured n e u t r a l  f r a c t i o n  vs 
temperature a t  1 0  and 20 ma/cm 
before and a f t e r  G-6(b) w a s  s p u t t e r e d .  
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a 
Figure 22. E m i t t e r  G-6(b) d a t a ,  a f t e r  
spu t t e r ing  (and ace ty l ene  ex- 
posure) i s  compared w i t h  but ton  
data a t  va r ious  cu r ren t  d e n s i t i e s .  
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While t h e  "oxygenated" tungsten c h a r a c t e r i s t i c  from bu t ton  d a t a  had 
been previous ly  dupl ica ted  i n  engine tests many times t h i s  w a s  t h e  f i r s t  
time t h a t  good c o r r e l a t i o n  w a s  obtained a t  h igh  c u r r e n t  d e n s i t i e s  f o r  t h e  
clean" tungs ten  condi t ion.  Consequently not  on ly  w a s  t h e  contamination I' 
problem now resolved bu t  a t  t h e  same t i m e  we were f i n a l l y  a b l e  t o  prove 
t h a t  t h e  small bu t ton  sample performance could be dup l i ca t ed  i n  a l a r g e  high 
perveance t h r u s t o r .  
5.4 OPERATIONAL CHARACTERISTICS OF 4 WITTERS 
E m i t t e r  G-6 (b) 
The "af ter-acetylene" curves of F igure  22 are considered t o  be t h e  
t r u e  o p e r a t i o n a l  o r  "clean" tungsten c h a r a c t e r i s t i c s  of emitter G-6 (b) . 
All of our experience t o  d a t e  i n d i c a t e s  t h a t  t h i s  i s  indeed a s t a b l e  s i t u a -  
t i o n  i f  t h e  vacuum and cesium a r e  f r e e  of oxygen o r  water vapor. 
Emitter G-4-2 
The c h a r a c t e r i s t i c  of emitter G-4-2 w e r t  measured a f t e r  t h e  completion 
of t h e  f i r s t  l i f e  test. This  da t a  i s  shown in Figure 23.  While good r e s u l t s  
were obta ined  a t  10  m a / c m 2  t h e  high critical. temperclture a t  15 m a / c m  even 
i n  t h e  presence of oxygen implied wide v a r i a t i o n s  i n  permeabi l i ty  over t h e  
e m i t t e r  su r f ace .  However t h i s  da t a  w a s  taken b e f o r e  t i e  experimental  arrange- 
ment f o r  c a r e f u l  a d d i t i o n  of ace ty lene  had been completed. Hence the  ' 'evidence" 
i s  inc lus ive .  
2 
E m i t t e r  G-4-3 
The c h a r a c t e r i s t i c s  of G-4-3 a f t e r  s p u t t e r i n g  i n  a n  i o n  beam and pre- 
l imina ry  reduct ion  of s u r f a c e  oxides w i t h  ace ty l ene  y ie lded  t h e  ( co r rec t ed )  
Q vs T curve of Figure 24 which a l s o  includes bii t ton d a t a  a t  11 and 22 ma/cm 
Although t h e  engine performance is  s l i g h t l y  i n f e r i o r  t o  t h e  but ton  i o n i z e r  
t h i s  i s  considered e x c e l l e n t  co r re l a t ion .  In  comparison wi th  t h e  G-4-1 d a t a  
of F igure  1 7 ,  t h e  improvement i n  performance is  q u i t e  dramatic .  Figure 24 
r e p r e s e n t s  t h e  lowest  reproducib le  n e u t r a l  f r a c t i o n  ope ra t ion  which h a s  been 
achieved wi th  our  high perveance i o n i z e r s  t o  t h e  p re sen t  time. 
2 
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Figure 23. a vs T data f o r  emitter G-4-2. m 
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with G-4 material i s  included f o r  
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Emitter G-6 
The i n i t i a l  tests of emitter G-6 which had been both spu t t e red  and 
e l ec t ropo l i shed  fol lowing t h e  E.D.M. contouring showed a s t r o n g  "remnant- 
oxygen" cond i t ion  when f i r s t  pu t  i n t o  opera t ion .  
s i n c e  t h e  vacuum a t  s t a r t -up  was  1.4 x 10 
vapor peak. 
1.5 x t o r r  before  a "clean" c h a r a c t e r i s t i c  could be  obtained.  The 
' 'before'' and "a f t e r "  c h a r a c t e r i s t i c s  are p l o t t e d  i n  Figure 25. 
cond i t ion  matches t h a t  of G-6(b). 
G-6 n e u t r a l  f r a c t i o n  a t  1500 t o  1550°K g radua l ly  decreased t o  a low of .7%* 
and averaged between .7 and 1.1% a t  t h i s  c u r r e n t  dens i ty .  Addit ion of ace- 
t y l e n e  lowered t h e  n e u t r a l s  even f u r t h e r  (.35%) bu t  t h i s  was only  temporary. 
This is  n o t  too s u r p r i s i n g  
-5 t o r r  w i t h  a high ind ica t ed  water 
The emitter was then  subjec ted  t o  30 minutes of ace ty l ene  a t  
The "clean" 
During t h e  f i r s t  200 hours  of ope ra t ion  
Af te r  t h e  f i r s t  b o i l e r  r e f i l l ,  however, G-6 n e u t r a l  f r a c t i o n  increased 
t o  t h e  2 t o  4% (measured) l e v e l  and could only be reduced temporar i ly  by t h e  
a d d i t i o n  of ace ty lene .  (For f u r t h e r  d e t a i l s  see Sec t ion  7 .7 ) .  
5.5 THEORY OF THE "REMNANT-OXYGEN" EFFEC? 
8 Shel ton e t  a1 i n  measuring t h e  in f luence  and evapora t ive  l i f e t i m e s  
of va r ious  materials which were spu t t e red  cnt(i  arc emitter found t h a t  those  
materials such as beryl l ium, chromium, t i t a n i u r ,  niobium and tantalum were 
p a r t i c u l a r l y  bad "poisons" i n  t h a t  they  l e d  t o  a severe  "remnant-oxygen" 
condi t ion .  Since these  elements form refracrcBry t y l e  oxides  they cannot be 
removed by high temperature  f i r i n g  - one methcd of emitter clean-up o f t e n  
employed by Shelton. This  l t a v e s  t h e  su r face  x i t h  a p a r t i a l  oxygen coverage, 
The adsorp t ion  energy of cesium is increased  '..- t h e  Fresence of t h e s e  oxide 
s i tes  s o  t h a t  t h e  cesium coverage i n  t h i s  area becomes excess ive  - lowering 
t h e  work func t ion  and r a i s i n g  t h e  n e u t r a l  f r a c t i o n .  
The e f f e c t i v e  area of each s i t e  sh r inks  with r i s i n g  temperature  causing 
a gradual  decrease  i n  n e u t r a l  f r a c t i o n .  The normal sharp  c r i t i c a l  temperature  
c h a r a c t e r i s t i c s  is lacking .  
* Measured. 
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Figure  25. F i r s t  c1 m vs  T measurements of 
emitter G - 6  - u s i n g  a copper g r i d .  
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The requirements for the remnant-oxygen condition are therefore: 
(1) the presence of such material as Ti, Cr, Ta etc., on the surface and 
( 2 )  operation in a water vapor or 0 environment for a sufficient length 2 
of time that oxidation of impurities on the surface is complete. 
5.6 SOZiiZCES OF CGluTiWINATION 
The removal of a colloidal substance from the plenum chamber of 
emitter G-6 after the contouring operating by E.D.M. (as discussed in 
Section 2.1.2) leads to the reasonable conclusion that this was the major 
source of emitter contamination. The elements chromium and titanium were 
identified in the analysis of the foreign matter. 
Unfortunately final proof is lacking. Although several emitters 
were fabricated after this process had been corrected none were adequately 
tested (prior to the termination of this program). 
had been plastic infiltrated prior to the E.D.M. operation was put into 
operation briefly. Initial neutral fraction measured .1% at about 1500°K 
and 15 ma/cm density (after acetylene). A complete set of data had been 
planned for the following day. However, during the night a serious side 
leak developed and the test was terminated. 
Emitter G-3-2 ,  which 
2 
a 
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6. ACCELERATOR MATERIAL COMPATIBILITY AND FEASIBILITY STUDY 
6.1 COPPER 
U n t i l  r e c e n t l y  copper w a s  t h e  only known e l e c t r o d e  material which w a s  
compatible with t h e  contac t  i on  engine. I ts  e l e c t r o n  work func t ion  i s  reasonably 
h igh  ( 4 . 5  e V ) ; i t s  vapor pressure  is high a t  emitter temperatures(s0 t h a t  material 
spu t t e red  onto t h e  emitter w i l l  v o l a t i l i z e  q u i t e  r ap id ly ) ;  and, it has v i r t u a l l y  
no oxygen r e t e n t i o n  c h a r a c t e r i s t i c s .  
t u a l l y  no s t r e n g t h  a t  g r i d  bar  temperatures (800 t o  1000'K) and a r e l a t i v e l y  
h igh  s p u t t e r i n g  y i e ld .  
It has  t h e  disadvantages of having v i r -  
Nevertheless  i ts  performance i n  many r e s p e c t s  has been remarkable. For 
example, Emitter G-6(b) developed a chipped f l u t e  dur ing  one of t h e  l i f e  
tests and as a r e s u l t  a g r i d  bar  w a s  cu t  i n  h a l f .  The engine continued t o  
func t ion  s a t i s f a c t o r i l y  f o r  many hours  a f t e r  t h i s  had occurred. Considering 
t h e  c ross -sec t ion  of each bar  (.018" x .035") t h i s  w a s  q u i t e  remarkable. 
In  reviewing t h e  mult i tudinous d a t a  wi th  copper g r i d s  no d e t e r i o r a t i o n  
i n  emitter performance has been noted which could be a t t r i b u t e d  d i r e c t l y  t o  
t h e  presence of copper on t h e  emitter sur face .  This includes cases of com- 
p l e t e  melt-down of t he  g r id  followed by adsorp t ion  of Cu i n t o  the  pores  of 
t h e  emi t t e r .  
6 . 2  NICKEL 
Un t i l  r e c e n t l y  n i c k e l  w a s  no t  even considered as an  e l ec t rode  material 
f o r  contac t  engines.  It w a s  assumed t h a t  t h e  s i n t e r i n g  ra te  of t h e  porous 
tungs ten  would be s e r i o u s l y  acce lera ted  i f  even t r a c e  q u a n t i t i e s  of n i c k e l  
d i f fused  onto t h e  emitter surface.  
By con t ro l l ed  s p u t t e r i n g  o r  evaporat ion of n i c k e l  on i o n i z e r  bu t tons ,  
H. Shelton, A .  Cho and D.  H a l l  found t h a t  high N i  coverages (% 1 monolayer) 
had no e f f e c t  on n e u t r a l  f r a c t i o n ,  c r i t i c a l  temperature  o r  t r ansmiss iv i ty .  
I n  add i t ion  t h e r e  w a s  no ind ica t ion  of n i c k e l  d i f f u s i o n  i n t o  t h e  i o n i z e r s .  
Consequently n i c k e l  w a s  s e l ec t ed  as one material t o  b e  evaluated i n  t h i s  
p r  og r am. 
8 
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Three s e p a r a t e  tests have been made 
(1) a 1 5  hour test wi th  Emitter G - 6 ;  (2) 
G-6(b); and (3 )  a 524 hour t es t  using G-6. 
F igure  26 shows am v s  T da ta  taken I 
r\ 
2 a t  15 m a / c m  
a hundred hour t e s t  wi th  Emitter 
us ing  N i  g r i d s :  
u r ing  a f i f t e e n  hour test a t  
L 1 5  ttiz+/cm . 
0.9%. A b r i e f  exposure of t h e  ion ize r  t o  ace ty l ene  re turned  t h e  minimum t o  
1.3%. This  i nd ica t ed  t h a t  t he  decrease w a s  due t o  a s l i g h t  oxygenation of 
t h e  i o n i z e r  (H  0 w a s  t h e  only d e t e c t a b l e  sou rce  of oxygen i n  t h e  system a t  
t h e  time and equal led 1 x t o r r ) .  
Af te r  14 hours  t h e  minimum n e u t r a i  f r a c t i o n  dropped from 1.3% t o  
2 
Figure 27 shows ci vs T data  taken  a t  i n t e r v a l e  during l i f e  test 
2 m No. 5 ( see  Sec t ion  7.6) w i t h  G-6(b) a t  15 m a / c m  . The 100 hour d a t a  po in t  
r equ i r ed  ace ty l ene  t o  e l imina te  a remnant-oxygen cond i t ion  which had pre- 
v a i l e d  f o r  a cons iderable  po r t ion  of t h e  test .  The measured n e u t r a l  f r a c t i o n  
had increased  from .7 t o  1.9%. 
Obviously t h e  emitter p r o p e r t i e s  had degraded wi th  time. While t h i s  
could poss ib ly  have been caused by s p u t t e r e d  n i c k e l  on  t h e  s u r f a c e  (and t h i s  
s p u t t e r i n g  rate w a s  q u i t e  h igh  i n  one area due t o  poor o p t i c s )  t h e  more l i k e l y  
explana t ion  is  t h a t  s u r f a c e  s i n t e r i n g  of t h e  emitter is  acce le ra t ed  when 
opera ted  i n  a remnant-oxygen condi t ion .  
An almost i d e n t i c a l  change i n  t h e  ci v s  T c h a r a c t e r i s t i c  of t h i s  s a m e  
e m i t t e r  had occurred when a copper g r i d  w a s  used p r i o r  t o  t h i s  t e s t .  The low 
n e u t r a l  c h a r a c t e r i s t i c s  w a s  recovered by back-bombarding t h e  emitter s u r f a c e  
wi th  nega t ive  ions  (zero-bias engine opera t ion) .  This  adds f u r t h e r  credence 
t o  t h e  conclusion t h a t  e m i t t e r  d e t e r i o r a t i o n  was caused by t h e  remnant-oxygen 
cond i t ion  r a t h e r  than  spu t t e red  n i c k e l  on i t s  sur face .  
I n  t h e  t h i r d  experiment - a  524 hour l i f e  test  - w i t h  a n i c k e l  g r i d  
t h e  emitter opera ted  f o r  125 hours wi th  g e n e r a l l y  improving c h a r a c t e r i s t i c s .  
A t  t h i s  po in t ,  a f t e r  a cesium b o i l e r  r e f i l l ,  t h e  engine r eve r t ed  t o  a 
remnant-oxygen condi t ion .  Measured am v s  T c h a r a c t e r i s t i c s  a t  t h e  200 
hour p o i n t  are compared wi th  t h e  i n i t i a l  d a t a  i n  F igure  28. Once aga in ,  t h e  
clean" tungsten curve had d e t e r i o r a t e d  wi th  t i m e .  I n  view of t h e  h i s t o r y  of II 
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2 Figure 26. a vs T data at 15 ma/cm for 
amnickel grid [G-6 (b) 3 
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Figure 27. am vs T da t a  p r i o r  t o  and a f t e r  100 
hours of opera t ion  (Li fe  T e s t  N o .  5 ) .  
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Figure 28. a vs T measurements at various 
spages of life test No. 6 using a 
nickel grid. 
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t h i s  d e t e r i o r a t i o n ,  n i c k e l  is  not considered t h e  causa t ive  f a c t o r .  
t h e  f i r s t  100 hours t h e r e  w a s  cons iderable  e ros ion  of t h e  n i c k e l  g r i d  b a r s  
due t o  over-expansion of t h e  g r id  frame -and  hence d i r e c t  i n t e r c e p t i o n .  
Y e t  dur ing  t h i s  per iod the  emitter performance w a s  gene ra l ly  improving. 
f u r t h e r  d e t a i l s  of t h i s  test s e e  Sec t ion  7 . 6 .  
During 
For 
From t h e s e  measurements we  conclude t h a t  n i c k e l  is a s a f e  e l e c t r o d e  
material (a l though a b s o l u t e  proof is  l ack ing ) .  It has two important 
advantages:  
1. It e x h i b i t s  e x c e l l e n t  s t r u c t u r a l  s t a b i l i t y ,  and 
2. The s p u t t e r i n g  y i e l d  i s  much less than  t h a t  of copper 
( s e e  Sec t ion  6.7 f o r  a c t u a l  measurement d a t a ) .  
6.3 CUPRO-NICKEL (70% Cu, 30% Ni) 
2 The f i r s t  test of a cupro-nickel g r id  l a s t e d  20 hours  a t  15 m a / c m  
and ind ica t ed  compa t ib i l i t y  with t h e  TRW engine (see Figure  29) .  A second 
2 test  l a s t e d  85 hours  a t  15 m/cm . There w a s  no evidence of i o n i z e r  con- 
tamina t ion  during t h i s  test e i t h e r .  This  l i f e  test f a i l e d  because s e v e r a l  
g r i d  b a r s  had buckled i n t o  t h e  beam and were eventua l ly  c u t  i n  two. 
None of t h e  g r i d  b a r s  were welded t o  t h e  g r i d  frame when t h e  engine 
w a s  removed f o r  inspec t ion .  The conclusion w a s  t h a t  cupron g r i d  b a r s  are 
less s t r u c t u r a l l y  s t a b l e  than copper. However t h i s  might simply b e  caused 
by improper s t r e s s - r e l i e f  dur ing  f a b r i c a t i o n .  
While cupro-nickel has a higher  s p u t t e r i n g  y i e l d  than n i c k e l  t h e s e  
experiments,  as w e l l  a s  those  of Sec t ion  6.7 ,  i n d i c a t e  a much smoother 
s u r f a c e  r e s u l t s  a f t e r  ope ra t ion  as a n  e l e c t r o d e  material, than  e i t h e r  copper 
o r  n i cke l .  
6.4  IRON 
The Fe g r i d s  had a tendency t o  warp o r  buckle.  P r i o r  h igh  temperature  
t rea tment  (1000°C f o r  f o u r  hours) d i d  no t  appear t o  he lp .  
t inuous  test  w a s  f o r  a 20 hour per iod and w a s  terminated when s e v e r a l  g r i d  
b a r s  had bent  f a r  enough i n t o  the  beam t o  be almost  c u t  i n  two. F igure  30 
The longes t  con- 
2 shows a i n d i c a t i n g  t h a t  no apprec i ab le  per- 
formance change occurred wi th  an Fe  g r i d  dur ing  15 hours  of ope ra t ion  a t  
9 m a / c m  
vs T measurements a t  10 m a / c m  m 
2 and wi th  an  i o n i z e r  temperature of 1500'K. 
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Figure 29. 
1400 1200 
EMITTER TEMPERATURE, OK 
2 a vs T da t a  at  15 m / c m  f o r  
a cupro-nickel g r i d .  m 
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Figure 30. a vs T d a t a  a t  10  m a / c m  
fzr an Fe g r i d .  
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I n  o t h e r  ( s h o r t e r )  tests a t  h igher  cu r ren t  d e n s i t i e s  no d e t e c t a b l e  
change i n  emitter c h a r a c t e r i s t i c s  were noted. These experiments appear t o  
j u s t i f y  t h e  conclusion t h a t  i r o n  would b e  somewhat supe r io r  t o  n i c k e l  
( l a r g e l y  because of a lower s p u t t e r i n g  y i e l d )  i f  good s t r u c t u r a l  s t a b i l i t y  
would be  achieved by a more soph i s t i ca t ed  hea t  treatment du r ing  f a b r i c a t i o n .  
6.5 BERYLLIUM 
F ive  g r i d s  f a b r i c a t e d  with bery l l ium g r i d  bars* were t e s t e d .  Each 
buckled and shor ted  out  b e f o r e  any s i g n i f i c a n t  d a t a  could b e  obtained.  
However a f t e r  t h e  longes t  test  which l a s t e d  two hours  a copper g r i d  w a s  pu t  
immediately a f t e r  t h e  B e  g r i d  f a i l e d  and no change i n  performance w a s  noted.  
Severa l  of t h e  t e s t  g r i d s  had i n d i v i d u a l  b a r s  s tuck  t o  the  g r a p h i t e  
g r i d  frame. X-ray d i f f r a c t i o n  a n a l y s i s  i nd ica t ed  t h a t  t h e  formation of 
Be2C a t  p o i n t s  where t h e  B e  came i n  con tac t  w i t h  t h e  g raph i t e  g r i d  frame 
w a s  causing t h i s  s t i c k i n g .  However those  g r i d  b a r s  which remained f r e e  s t i l l  
showed a tendency t o  warp d e s p i t e  a l l  e f f o r t s  t o  relieve i n t e r n a l  stresses 
by v a r i o u s  h igh  temperature  hea t  t rea tments .  Fur ther  experiments w i t h  a 
n i c k e l  p l a t e d  g r a p h i t e  frame revea led  continued s t r u c t u r a l  i n s t a b i l i t y ,  
wi thout  g r i d  ba r  s t i c k i n g  however. 
A j o i n t  e f f o r t  w i t h  NASA-Lewis t o  ob ta in  and test a b e t t e r  grade  of 
bery l l ium g r i d  b a r s  was arranged as a con t inua t ion  of t h e  t e s t i n g  program. 
However, funding f o r  t h i s  program w a s  cance l led .  
* The f i r s t  g r i d  had no pre-opera t ive  h e a t  t rea tment .  The next  two 
Qsed B e  b a r s  t h a t  had been heated four  hours  i n  a vacuum furnace  a t  
1000°C p r i o r  t o  being i n s t a l l e d  i n  t h e  g r i d  frame. A l l  t h r e e  used 
g r i d  b a r s  which were from B e  s h e e t s  which had been f a b r i c a t e d  by 
powder meta l lurgy  techniques.  The next two sets of g r i d  b a r s  were 
c u t  from f l a t t e n e d  19  m i l  B e  w i r e .  An a t tempt  was made t o  stress 
relieve t h e s e  processed ba r s  by sandwiching them between two heavy 
ground and pol i shed  steel p l a t e s  and h e a t i n g  t h i s  assembly i n  vacuum 
t o  1000°C f o r  a per iod  of 4 hours.  
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6.6 COPPER IRIDIUM (Cu-Ir 1%) 
Figure  31 shows a vs  T data  from t h e  Cu-Ir g r i d  test run. There w a s  m 
a s m a l l  improvement i n  minimum n e u t r a l  f r a c t i o n  (0.9% a t  start  and 0.7% a t  
f i n i s h  f o r  a 15 m a / c m  beam). 
t h e  g r i d  material would be sput te red  back onto  t h e  i o n i z e r ,  no change i n  
n e u t r a l  f r a c t i o n  w a s  detected.* 
2 
When t h e  g r i d  w a s  purposely misaligned so t h a t  
Whenever t h e  engine w a s  operated wi th  t h i s  Cu-Ir g r i d ,  a cont inuous 
series of minor arcs occurred which w a s  no t  c h a r a c t e r i s t i c  of any o t h e r  g r id  
materials t e s t e d  i n  t h i s  program. From our previous experience wi th  W g r i d  
ba r s ,  where similar a r c i n g  w a s  prevalent,  t h i s  c h a r a c t e r i s t i c  i s  be l ieved  t o  
r e f l e c t  t h e  low work func t ion  assoc ia ted  wi th  t h e  h igh  binding energy of 
cesium t o  a h igh  work f u n c t i o n  s u b s t r a t e .  
6.7 SPUTTERING EXPERIMENTS 
There i s  a f a i r l y  wide s c a t t e r  i n  t h e  a v a i l a b l e  s p u t t e r i n g  da ta .  
In o rde r  t o  o b t a i n  a more r e a l i s t i c  eva lua t ion  of comparative s p u t t e r i n g  
ra tes  f o r  va r ious  p o t e n t i a l  g r i d  materials, a s imple experiment w a s  devised ,  
An a i r - l o c k  loca ted  on top of t h e  No. 1 T e s t  F a c i l i t y  (and approxi- 
mately one f o o t  i n  f r o n t  of the c o l l e c t o r )  w a s  i n s t a l l e d  earlier i n  t h e  
program so t h a t  emitters can  be lowered i n t o  t h e  i o n  beam f o r  su r face  s p u t t e r i n g  
and la te r  removed without  i n t e r r u p t i n g  engine l i f e  tests. 
This  a i r - lock  a l s o  provides e lectr ical  i s o l a t i o n  (from ground) f o r  t h e  
sample i n  t h e  i o n  beam. Our experiments have shown t h a t  an  ammeter connected 
between a fair1.y l a r g e  sample (e.g. 1 t o  2 sq. inches)  and ground rill read 
w i t h i n  10 t o  20% of the  t r u e  ion  c u r r e n t  i n c i d e n t  upon i t .  
I n  a pre l iminary  spu t t e r ing  experiment several g r i d  ba r s  of va r ious  
materials (copper, n i cke l ,  i r o n ,  cupro-nickel and b e r y l l i m )  were clamped 
a g a i n s t  a r ec t angu la r  copper p l a t e  which, i n  t u r n  w a s  f i xed  t o  t h e  tungs ten  
rod. This assembdy pi.e Towered i n t o  the beam and spu t t e red  for 18 houro. 
* The i n t e n t i o n  of t h i s  misalignment was t h a t  of i nc reas ing  .the sputtering 
rate and hence the accumulation of i r i d ium on t h e  emitter su r face .  At 
t h a t  time it was be l ieved  t h a t  i r i d i r o  coated tlpngetan had s u p e r i o r  
i o n i z e r  c h a r a c t e r i s t i c s  than that of pure  tungsten.  
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czpper-iridium g r i d  (Cu 99%, Ir 1%). 
vs T d a t a  a t  15  m a / c m 2  f o r  a 
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After  removal t h e  fol lowing t h i c k n e s s  dec rease  i n  t h e  g r i d  b a r s  were 
measured: Cu, .0022"; N i ,  .0011"; Fe, .001"; B e  .0006" t o  .001"; and cupro- 
n i c k e l ,  .0015", While t h e s e  measurements were r a t h e r  crude they d id  po in t  t h e  
way toward more soph i s t i ca t ed  experiments. A wide v a r i a t i o n  i n  spu t t e red  sur -  
f a c e  cond i t ion  w a s  noted. The copper exhib i ted  a coa r se  spu t t e red  s u r f a c e  
' and i n  c e r t a i n  sites very non-uniform depth  of pene t ra t ion .  The i r o n  ba r  w a s  
q u i t e  shiny b u t  when examined microscopical ly  t h e  surf  ace w a s  very  jagged 
sugges t ing  p r e f e r e n t i a l  spu t t e r ing  a t  va r ious  c r y s t a l  f aces .  The n i c k e l  and 
bery l l ium su r faces  appeared r e l a t i v e l y  smooth and uniformly spu t t e red .  The 
s p u t t e r e d  cupro-nickel su r f ace  was excep t iona l ly  smooth. However, copper,  
n i c k e l  and cupro-nickel exhib i ted  a tendency t o  develop a sharp  burr  a long 
t h e  edges. 
I n  t h e  next  experiment rec tangular  shee t s  of copper, s i l i c o n ,  beryl l ium 
and n i c k e l  were clamped between two f l a t  s h e e t s  of copper and t h e  assembly 
wired t o  a tungs ten  rod(used t o  s l i d e  the  assembly i n  and out  of t h e  beam). 
This set-up can be  v i s u a l i z e d  from t h e  photograph of Figure 32 where the  two 
copper s h e e t s  are placed i n  t h e i r  o r i g i n a l  l o c a t i o n s  but  wi th  t h e  samples 
removed. L e f t  t o  r i g h t  t h e  samples were: copper,  s i l i c o n ,  beryl l ium and 
n i c k e l .  
s p u t t e r i n g  of t h e  copper clamp which could cause r edepos i t i on  on t h e  f r o n t  
s u r f a c e s  of t h e  samples would be s l i g h t .  Af t e r  t h e  experiment was completed 
i t  w a s  found t h a t  t h i s  assumption w a s  c o r r e c t .  There w a s  v i r t u a l l y  no removal 
The o r i g i n a l  assumption i n  making t h i s  assembly w a s  that  edge 
of copper from t h e  s i d e s  of t h e  copper shee t s .  
. u ~ g  of ths copper sdgea pro jec t ing  toward t h e  beas. 
Of these "burrs" revea led  a series of microscopic needles .  A t  t h e  batic of 
the copper was eroded deeper than t h e  average over t h e  f l a t  su r f ace  of t h e  
copper. * 
I n  f a c t  a ''burr" w a s  l e f t  on 
Microscopic emmination 
* Such a r e s u l t  would be a n t i c i p a t e d  by t h e  experiments of Chenev and 
P i t k i n g  which i n d i c a t e s  e s s e n t i a l l y  zero s p u t t e r  y i e l d  from copper a t  
g lanc ing  angles  ( fo r  xenon i o n s  below 1Q Kev i n  energy).  The reason f o r  
t h i s  drop  as 90" is not  clear, bu t  t h e  au tho r s  specu la t e  that t h e  ion  has  
not  imparted much of i t s  energy t o  t h e  t a r g e t  be fo re  being d e f l e c t e d  out 
of it. I f  t h i s  i s  co r rec t ,  t h e  inc iden t  i o n  has  no t  been stopped and 
f u r t h e r  s p u t t e r i n g  c o l l i s i o n s  have y e t  t o  occur.  Since t h e  s c a t t e r i n g  
ang le  is expected t o  be small t h e  d e f l e c t e d  i o n  would proceed t o  t h e  
bottom of t h e  " c l i f f "  formed by t h e  b u r r  and excavate  a t r ench  by s p u t t e r i n g .  
This  i s  exac t ly  what is observed i n  spu t t e red  copper samples which o f t e n  
show e i t h e r  deep holes  or  mesas surrounded by moats. This  observa t ion  i s  
be l ieved  t o  be experimental  evidence t h a t  t h e  s c a t t e r i n g  hypothes is  f o r  
low s p u t t e r i n g  y i e l d s  a t  grazing incidence i s  c o r r e c t .  
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Figure  32.  S p u t t e r e d  shadow p a t t e r n  i l l u s t r a t i n g  
t h e  arrangement used f o r  t h e  s p u t t e r i n g  
experiment .  Sample shadows t o p  t o  bottom 
- copper ,  s i l i c o n ,  be ry l l i um,  n i c k e l .  
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Consequently t h e  only sput te red  copper which could r edepos i t  on the  
f l a t  s u r f a c e s  of t h e  s p u t t e r i n g  samples would be t h a t  from t h e  round copper 
w i r e  used t o  t i e  t h e  assembly t o  t h e  tungs ten  rod. 
a reasonable  d i s t a n c e  from t h i s  wire t h e  r e l a t i v e  coverage would be n e g l i g i b l y  
s m a l l .  
c e n t r a l  r eg ion  of each f l a t  s t r i p  is  a good measure of re la t ive s p u t t e r i n g  
rate. 
Since t h e  samples were a t  
a 
It is concluded then  t h a t  measurements of t h i ckness  change i n  t h e  
Sixty-four  hours exposure t o  2000 v o l t  i ons  wi th  a measured average 
yielded t h e  fol lowing depths  of sample e ros ion  2 probe c u r r e n t  of .27 m a / c m  
due t o  spu t t e r ing :  
Copper 
Nickel  
Beryllium 
S i l i c o n  
.008" 
.004" 
.0018" 
.0022" 
Assuming t h e  probe cu r ren t  t o  be  t r u e  ion  c u r r e n t ,  t h e  s p u t t e r i n g  y i e l d  
pe r  i n c i d e n t  i o n  would be  
f o r  Copper 4.35 pe r  cesium ion  
II 11 N f  2.33 I'  
I t  B e  1 .41  It 
I' S i  .74 I t  
II II 
11 1 1  
The s p u t t e r e d  copper su r faces  showed va r ious  areas where sharp copper 
need le s  p ro jec t ed  toward t h e  beam. This  i s  i l l u s t r a t e d  i n  F igure  33. Pre- 
sumably t h e s e  could be generated by a small speck of material wi th  a low 
s p u t t e r i n g  y i e l d  on t h e  su r face .  The spu t t e red  s u r f a c e  is q u i t e  rough as 
i l l u s t r a t e d  i n  t h e  photomicrograph of F igure  34. The r e s u l t s  wi th  copper 
probably exp la in  t h e  whisker growth on copper g r i d s  which have been ex- 
per ienced  i n  l i f e  t e s t i n g .  
The Nickel sample a180 exhib i ted  some "burring" an t h e  edges bu t  t o  a 
-. - _ _ _  
leslrer deerer- than copper e 
over  a irarrover range around the 9'6" angle of incidence.  
smoother. F igure  35 is a photomicrograph of t h e  spu t t e red  n i c k e l  sur face .  
Zero s p u t t e r i n g  cross-secticm is  probably confined 
The s u r f a c e  i s  a l s o  
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F i g u r e  3 3 .  Enlarged photograph of s p u t t e r e d  
copper sample. 
a3 
F i g u r e  34 .  Photomicrograph o f  t h e  s p u t t e r e d  
copper s u r f a c e  (. 008" removed) 700X. 
Figure  35. Photomicrograph of n i c k e l  s u r f a c e  
a f t e r  s p u t t e r i n g  (.004” removed) 700X. 
... 
The s p u t t e r e d  bery l l ium su r face  has  a very  p e c u l i a r  s t r u c t u r e .  
F igure  36 i s  a photomicrograph of a c e n t r a l  region. 
of l o c a l i z e d  mel t ing  of t h e  sur face .  
sample were q u i t e  rough t h e r e  i s  some evidence from microscopic examination 
t h a t  t h e  s p u t t e r i n g  ra te  a t  low angles  of inc idence  i s  s u f f i c i e n t  t o  pre- 
v e n t  t h e  "burringtt  e f f e c t  noted wi th  n i c k e l  and copper. 
It  has  t h e  appearance 
Although t h e  edges of t h e  bery l l ium 
The s p u t t e r i n g  of s i l i c o n  y i e lded  an excep t iona l ly  smooth su r face ,  
almost equ iva len t  t o  a mir ror  f i n i s h .  
shows t h e  s p u t t e r e d  su r face .  This sample s h e e t  w a s  c u t  a t  r i g h t  angles  t o  
t h e  a x i s  of a 1-1/8" d i a .  boule.  
t h a t  of genera t ing  a chamfer. 
The photomicrograph of F igure  37 
The e f f e c t  of s p u t t e r i n g  on t h e  edges w a s  
6 .8  SUMMARY AND CONCLUSIONS 
The r e s u l t s  of t h e s e  experiments are summarized i n  Table X I .  None of 
t h e  g r i d s  showed any tendency t o  contaminate t h e  i o n i z e r .  B e  and Fe showed 
very  poor s t r u c t u r a l  s t a b i l i t y  d e s p i t e  t h e  va r ious  high temperature treat-  
ments g iven  them t o  r e l i e v e  stresses. I f  t h e s e  problems could b e  c o r r e c t e d  
by improved process ing ,  t h e s e  materials should make e x c e l l e n t  g r i d s .  Nickel 
w a s  t h e  most promising g r i d  m a t e r i a l  t e s t e d .  I ts  s t r u c t u r a l  s t a b i l i t y  w a s  
ou ts tanding ,  i t s  s p u t t e r i n g  y i e l d  is  1 / 2  that of copper, and i t s  phys ica l  
s t r e n g t h  a t  ope ra t ing  temperatures i s  h igh  compared t o  copper. 
An a t tempt  w a s  made to  c o r r e l a t e  g r i d  d r a i n  c u r r e n t s  wi th  n e u t r a l  
f r a c t i o n  and emitter temperature. No s p e c i f i c  d i f f e r e n c e  between materials 
w a s  noted w i t h  t h e  except ion  of iridium-copper. For t h e  o t h e r  materials 
g r i d  d r a i n  ( i n  percent )  ranged from .15 t o  . 3  of measured n e u t r a l s  a t  1 0  
ma/cm2 and .5 t o  1.2 a t  1 5  m a / c m  . I n  some cases, p a r t i c u l a r l y  i r o n  and 
bery l l ium t h e  d r a i n  c u r r e n t  va r i ed  widely from experiment t o  experiment. 
was a t t r i b u t e d  t o  misalignment of g r i d  ba r s ,  and hence d i r e c t  i n t e r c e p t i o n ,  
2 
This 
With e i t h e r  copper o r  n i c k e l  t h e  g r i d  d r a i n  i s  seldom above 1% i f  t h e  
g r i d  i s  proper ly  r e g i s t e r e d .  
Within the l i m i t a t i o n s  of t h e  important p r o p e r t i e s  of each material 
are summarized i n  Table X I  below. 
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F i g u r e  3 6 .  Photomicrograph of b e r y l l i u m  
s u r f a c e  a f t e r  s p u t t e r i n g  (.008" 
removed) 700X. 
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Figure  3 7 .  Photomicrograph of s i l i c o n  s u r f a c e  
a f t e r  s p u t t e r i n g  (.002" removed) 700X. 
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7 .  LIFE TESTS - ELECTRODE & 
EMITTER DURABILITY 
7 . 1  INTRODUCTION 
The d e t a i l e d  r e s u l t s  of 6 l i f e  tests ranging f ro= 100 t o  524 hours i n  
d u r a t i o n  are repor ted  i n  s e c t i o n s  7.2 t h r u  7.7 and summarized i n  s e c t i o n  7 . 8 .  
7.2 LIFE TEST NO. 1 
2 SUMMARY: 477 hours a t  15 ma/cm us ing  a copper g r i d ,  i o n i z e r  G-4 
No. 2 (E.O.S.), and t h e  TRW Systems'thermal g rad ien t  
vapor i ze r  feed  sys t em.  
Af t e r  117 hours ,  t h e  engine w a s  removed t o  s t r a i g h t e n  3 g r i d  ba r s .  
These b a r s  had been pushed toge ther  when t h e  g r i d  w a s  moved sideways t o  
remove a s h o r t  t h a t  developed between t h e  g r i d  and emitter. 
b a r s  were s t r a igh tened ,  t h e  engine w a s  pu t  back i n t o  ope ra t ion  f o r  another  
360 hours .  The test w a s  f i n a l l y  stopped when a cesium l e a k  caused a s h o r t  
t o  develop ac ross  a h igh  vo l t age  i n s u l a t o r .  
copper g r i d  w a s  477 hours .  
Af t e r  t h e  
To ta l  ope ra t ion  t i m e  on t h e  
G-4 No. 2 has  s o l i d  f l u t e  peaks bu t  w a s  no t  e l ec t ropo l i shed .  
g raph ic  summary of t h i s  l i f e  test is  i l l u s t r a t e d  i n  Figure 38. The 
measured n e u t r a l  f r a c t i o n  a t  t h e  s t a r t  of t h e  test w a s  4.4% (1480°K)* f o r  
A 
2 a 225 m a  (15 m a / c m  ) beam. During t h e  f i r s t  two days of ope ra t ion  t h e  
measured n e u t r a l  f r a c t i o n  r o s e  t o  10% (1560°K)*. From t h a t  t i m e  on t h e  
n e u t r a l  f r a c t i o n  g radua l ly  decreased. During t h e  last  50 hours  of test 
t h e  measured n e u t r a l  f r a c t i o n  var ied  between 2.5 and 5% (1520°K).* 
The i n i t i a l  g r i d  d r a i n  w a s  1 .5  m a  and remained below 5 m a  u n t i l  a 
cesium l e a k  developed a f t e r  130 hours. 
i n  t h e  cesium consumption gradual ly  increased  u n t i l  t h e  consumption w a s  
3 t i m e s  t h a t  of t h e  beam requirements.  
coverage t h e  g r i d  d r a i n  r o s e  t o  a high and f l u c t u a t i n g  l e v e l .  A t  t h e  
420 hours  po in t  i n  t h e  l i f e  t e s t  the  g r i d  c u r r e n t  w a s  o s c i l l a t i n g  between 
25 and 50 ma with  a p e r i o d i c i t y  of approximately 20 seconds. 
This  l e a k  evidenced by an  inc rease  
A s  a r e s u l t  of t h e  h igh  cesium 
The f a c t  
* E m i t t e r  temperature  
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OPERATING TIME (HOURS) 
Figure  38.  A g r a p h i c  summary of L i f e  T e s t  
No. 1 [Emit te r  G-4-2, copper g r i d ] .  
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t h  g i n  
s u r p r i s i n g .  
uld be  opera ted  a t  a l l  i n  su 
The g r i d  w a s  photographed (see F ig .  39) 
t t h  h an  environment is  r a t h e r  
immediately a f t e r  removal 
from t h e  engine.  
In spec t ion  of F igure  39 shows t h a t  t h e  g r i d  w a s  badly eroded, 
3 g r i d  b a r s  were severed,  and seve ra l  have much of t h e i r  width eroded 
away by d i r e c t  i n t e r c e p t i o n .  Despite t h a t  t h e  engine continued t o  
func t ion .  
It w a s  found t h a t  t h o s e  g r i d  b a r s  wi th  t h e  g r e a t e s t  e ros ion  
were welded t o  t h e  g r i d  frame a t  both ends ( i . e .  t o  t h e  metal U-channels 
r e t a i n i n g  t h e  assembly). 
draw upon cool ing  and buckle  upon hea t ing .  
s t i c k i n g  problem w a s  a l l e v i a t e d  by adding a t h i n  g r a p h i t e  s t r i p  between 
t h e  g r i d  b a r s  and t h e  U-channel. 
Under such c o n s t r a i n t  t h e  b a r s  would tend t o  
I n  subsequent tests t h i s  
The e ros ion  p a t t e r n  a l s o  i n d i c a t e s  an  uneven thoughput i n  beam 
c u r r e n t  d e n s i t y  from t h e  emitter. 
could be v i s u a l l y  observed from the  s i d e  viewport of t h e  vacuum tank.  
This uneveness i n  beam cur ren t  d e n s i t y  
The ex t r apo la t ed  e l e c t r o d e  l i f e  f o r  an  engine wi th  a cons tan t  
n e u t r a l  f r a c t i o n  a can be ca lcu la ted  by numerical  i n t e g r a t i o n  of t h e  
d a t a  of F igure  38. I f  i t  is assumed t h a t  t h e  end l i f e  w a s  480 hours  
and t h a t  t h i s  f a i l u r e  w a s  e n t i r e l y  due t o  charge exchange e ros ion  then  
t h e  e l e c t r o d e  l i f e  (L) a s soc ia t ed  with an  emitter ope ra t ing  a t  a g iven  
c u r r e n t  d e n s i t y  ( J )  and a t r u e  n e u t r a l  f r a c t i o n  (a) would be  given by 
t h e  r e l a t i o n .  
480 'I 
u m ( t ) ( l  + G) J ( t ) '  d t  
hours  0 ( 1  - G) 
2 
I 
L =  
a J  
where J ( t )  = c u r r e n t  d e n s i t y  a t  t i m e  t f o r  t h i s  l i f e  tes t  
a m ( t )  = measured n e u t r a l  f r a c t i o n  a t  t i m e  t 
d t  = t i m e  increment i n  hours 
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2 For example, when J = 15 m a / c m  and a = .5%. This  i n t e g r a t i o n  
y i e l d s  an  e l e c t r o d e  l i f e  i n  excess  of 16,000 hours.  The r ap id  e ros ion  of 
t h e  g r i d  dur ing  t h i s  test is  due t o  a t r u e  n e u t r a l  f r a c t i o n  30 t i m e s  t h a t  
expected from a good emitter. 
7.3 LIFE TEST NO. 2 
2 Summary: 172 hours  a t  15 ma/cm : 
Copper g r i d :  
Copper b o i l e r  : 
E m i t t e r  G-6 (b) 
E m i t t e r  G-6(b) w a s  i n s t a l l e d  i n t o  an engine d i r e c t l y  a f t e r  completion 
of t h e  vacuum cleanup fol lowing e l e c t r i c  d i scharge  machining. It had been 
n e i t h e r  spu t t e red  nor e l ec t ropo l i shed .  
t h e  engine w a s  no t  operated u n t i l  t he  water vapor conten t  w i th in  t h e  tank 
w a s  so low as t o  b e  b a r e l y  de t ec t ab le .  
Af t e r  i n s t a l l a t i o n  i n  t h e  82 F a c i l i t y  
The convent ional  (TRW Systems) thermogradient vapor i ze r  type  feed 
system had been rep laced  by a 500 g r a m  capac i ty  copper b o i l e r  so  as t o  
e l i m i n a t e  p o s s i b l e  contamination of t h e  cesium due t o  t h e  previous arrange- 
ment. 
t h e  engine f l ange  t o  a n  external.  Nupro a l l  s t a i n l e s s  steel welded va lve  t o  
This  b o i l e r  had a s e p a r a t e  l i n e  connected through t h e  basep la t e  of 
a l low r e f i l l i n g  t h e  b o i l e r  as necessary.  Cesium was t r a n s f e r r e d  from t h e  
manufac turer ' s  con ta ine r  d i r e c t l y  i n t o  a p r e c a l i b r a t e d  pyrex vacuum f l a s k  
and then  through t h e  Nupro va lve  i n t o  t h e  b o i l e r .  During t r a n s f e r  t h e  
b o i l e r  and t h e  emitter were maintained a t  a low temperature  bu t  no t  less 
than  100'C. 
The s t a r t u p  of t h i s  engine was smooth and v i r t u a l l y  a rc - f r ee .  
During t h e  f i r s t  119 hours  t h e  n e u t r a l s  remained e s s e n t i a l l y  cons tan t  
a t  approximately 4% (measured). 
t o t a l  (4%) dur ing  t h i s  per iod .  
A t  t h e  end of 119 hours t h e  head g a t e  w a s  c losed .  
The g r i d  d r a i n  remained below 10 m a  
With t h e  head 
g a t e  c losed  a l l  t h e  e x t e r n a l  vacuum pumps are removed from t h e  vacuum tank .  
Gas p res su re  i s  maintained a t  a low level  by t h e  pumping a c t i o n  of t h e  ion  
engine i t s e l f .  This  i s  p a r t i a l l y  due t o  t h e  g e t t e r i n g  a c t i o n  of cesium on 
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t h e  tank  l i n e r s  and a l s o  t h e  e f f e c t  of copper s p u t t e r i n g  from t h e  c o l l e c t o r  
burying t h e  gas .  
range  w a s  maintained. 
-7 Under t h e s e  condi t ions  a vacuum pres su re  i n  t h e  10 t o r r  
This  change d id  not  appear t o  i n f luence  t h e  engine periormance i n  
The reason for  c l o s i n g  t h e  head g a t e  w a s  p r imar i ly  any s f g n i f i c a n t  way, 
t o  prevent  d i f f u s i o n  pump vapors from reachfn, t h e  engine and poss ib ly  
ca rb id ing  of t h e  emitter.' 
of n e u t r a l  f r a c t i o n  wi th  temperature be fo re  and a f t e r  t h e  head g a t e  w a s  
cbsed  r e s p e c t i v e l y .  
F igures  40 and 4 1  i l l u s t r a t e  t h e  v a r i a t i o n  
A s  i l l u s t r a t e d  t h e r e  i s  no s i g n i f i c a n t  change. 
Unfortunately a t  t h e  end of 172 hours  and wi th  t h e  head g a t e  
c losed  t h e  power t o  t h e  r e f r i g e r a t o r  used t o  coo l  one of t h e  tank l i n e r s  
a s  a c c i d e n t a l l y  turned o f f .  
an  are developed between t h e  emitter and t h e  g r i d .  
were melted and t h e  e n t i r e  system shut down au tomat i ca l ly  te rmina t ing  t h e  
test 
This  caused a p res su re  rise and e v e n t i a l l y  
Several  g r i d  b a r s  
F igure  42 shows a graphic  summary of t h e  l i f e  tes t .  The g r i d  
d r a i n  and n e u t r a l  f r a c t i o n  remained e s s e n t i a l l y  cons tan t  throughout 
t h i s  pe r iod ,  
The h ighe r  n e u t r a l s  (compared t o  the bu t ton  d a t a )  are be l ieved  t o  be 
caused by t h e  rough uneven s u r f a c e  a s soc ia t ed  wi th  e lectr ic  d ischarge  
machinfng. I n  l a t e r  tests a f t e r  spu t t e r ing  emitter G-6(b) t h e  measured 
n e u t r a l  f r a c t i o n  was reduced by a f a c t o r  of 3 .  The cor rec ted  n e u t r a l  
f r a c t i o n  then  agreed wich She l ton ' s  bu t ton  d a t a .  It should be noted 
t h a t  t h e  c r i t i c a l  temperatures  of t h e  i o n i z e r  d i d  correspond t o  t h a t  
of t h e  bu t ton  test  during t h i s  l i f e  t es t ,  
There w a s  no evidence of any remnant oxygen e f f e c t .  
Although a s p a r e  copper g r i d  w a s  i n  t h e  g r i d  rack  t h e  melt-down 
accfdent  i n h i b i t e d  removal of t h e  p r i o r  g r i d  and i t  w a s  necessary t o  remove 
t h e  engine from t h e  vacuum system. 
ind ica t ed  t h a t  i t  was i n  good condi t ion .  
Examination of t h e  emitter s u r f a c e  
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EMITTER TEMPERATURE O K  
Figure 40. L i f e  T e s t  No. 2. a vs T d a t a  f o r  
emitter G-6(b) a f t e?  16 hours of 
operation.. 
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EMITTER TEMPERATURE O K  
Figure 41. L i fe  T e s t  No.  2. ci vs T d a t a  f o r  
emitter G-6(b) a f t e?  50 hours of 
operat ing wi th  headgate c losed.  
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Figure  42.  Graphic summary of L i f e  T e s t  
No. 2 [Emi t te r  G-6(b); copper 
g r id ] .  
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7.4 LIFE TEST NO, 3 
2 
Summary: 287 hours  a t  15 ma/cm 
Copper g r i d :  
Copper b o i l e r  : 
E m i t t e r  G-6 (b)  
This  test w a s  i n i t i a t e d  immediately a f t e r  t h e  engine has  been removed, 
t h e  g r i d  change mechanism r e p a i r e d ,  t h e  emitr- . r  examined and t h e  engine 
rep laced  i n  t h e  vacu-m rank,  
The performance was q u i t e  s t a b l e  dur ing  t h i s  test pe r iod ,  n e u t r a l  
f r a c t i o n  v s  temperature  d a t a  w a s  e s s e n t i a l l y  t h e  same as i t  w a s  dur ing  
L i f e  T e s t  No, 2 except that .  i t  showed a very s l i g h t  remnant oxygen i o n  
e f f e c t  ( s l i g h t l y  h igher  n e u t r a l s ) .  This  may have been due t o  t h e  e f f e c t  
of exposing t h e  emiceer t o  atmosphere wi th  a s l i g h t  amount of cesium 
r e t a i n e d  i n  t h e  porous reg ion ,  
vs temperature  curve.  The c h a r a c t e r i s t i c  obtained dur ing  Test No. 2 i s  
a l s o  Included.  
d r a i n  as a func t ion  cf  rime, 
Figure 43 shows a t y p i c a l  n e u t r a l  f r a c t i o n  
Figure 44  p l o t s  neutral  f r a c t i o n ,  beam c u r r e n t ,  and g r i d  
This  test  ended when t h e  g r id  b a r  shor ted  t o  t h e  emitter. Because 
t h e  handle  t o  t h e  viewport had been broken during t h e  test i t  w a s  imposs- 
i b l e  t o  v i s u a l l y  examine t h e  engine. 
ou t  o€ i t s  normal p o s i t i o n  it was poss ib l e  t o  remove t h e  s h o r t  and t h e  
engine w a s  r e s t a r t e d ,  
beam d e n s i t y  had been achieved.  
be fo re  t h e  tes t  was f i n a l l y  terminated. 
By racking t h e  g r i d  p a r t i a l l y  i n  and 
Unfortunately t h e  s h o r t  occurred aga in  be fo re  f u l l  
This process  w a s  repea ted  several t i m e s  
The emitter and engine was once more removed from t h e  vacuum 
Once more t h e  emitter appeared t o  be  i n  gene ra l ly  s t a t i o n  and examined- 
good cond i t ion  even though t h e  su r face  w a s  r e l a t i v e l y  rough ( t h i s  
condf t fon  w a s  c o n s i s t e n t  wi th  t h e  as-received emitter a f t e r  e lec t r ic  
d ischarge  machining).  
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Figure 4 3 .  Evidence of a p a r t i a l  remnant- 
oxygen condi t ion  during t h e  e a r l y  
s t a g e s  of L i f e  Test No. 3 .  
- I I I I - - EMITTER: G-6 (b) - J = 15 MA/CM2 
- ELECTRODE MATERIAL: COPPER 
-(1) LIFE TEST NO. 2 
AFTER 100 HOURS - 
10 0 
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2 00 
100 
50 
2c 
1c 
5 
2 
1 
11 200 3 00 
OPERATING TIME (HOURS) 
Figure 44. Graphic summary of L i f e  T e s t  
No. 3 [Emitter G-6(b); copper grid]. 
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7.5 LIFE TEST NO. 4 
2 Summary: 313 hours a t  15 ma/cm 
Copper g r i d :  
Copper b o i l e r  feed system: 
E m i t t e r  G-6 (b) ' (af ter  s p u t t e r i n g )  
Af t e r  L i f e  Test No. 3 t h e  engine was removed from t h e  vacuum 
s t a t i o n  f o r  pos t  examination. 
test s t a t i o n  No. 2 i t  exh ib i t ed  a t y p i c a l  remnant oxygen cond i t ion  
as w a s  i l l u s t r a t e d  i n  curve No. ( 2 )  of F igure  18. Subsequent oxygen- 
After  being r e i n s t a l l e d  i n  t h e  vacuum 
ace ty l ene  cyc l ing  re turned  t h e  emitter e s s e n t i a l l y  t o  i t s  cond i t ion  
of t h e  two previous  tests. It was decided however t h a t  t h e  s p u t t e r i n g  
ope ra t ion  which w a s  POW a standard p a r t  of t h e  f a b r i c a t i o n  procedure 
should be  performed p r i o r  t o  t h e  next l i f e  test  i n  t h e  hope of achiev ing  
improved performance. The engine was dis-assembled and t h e  emitter 
w a s  spu t t e red  by lowering it i n t o  t h e  ion  beam from Emitter G-4-3 which 
w a s  then  ope ra t ing  i n  t h e  tank #lvacuum s t a t i o n .  
between 75 t o  100 m i l l i o n t h s  of an inch  from t h e  emitter s u r f a c e  i t  w a s  
examined s u p e r f i c i a l l y ,  r e i n s t a l l e d  i n  t h e  engine which was i n  t u r n  
placed i n  vacuum s t a t i o n  #2 and L i f e  T e s t  No. 4 w a s  begun. 
Af t e r  removal of 
a 
The i n i t i a l  n e u t r a l  f r a c t i o n  vs T measurements made dur ing  
t h i s  l i f e  test showed an  improvement i n  n e u t r a l  f r a c t i o n  by almost a 
f a c t o r  of 3 fol lowing t h e  spu t t e r ing  ( sec .  5 .3) .  During t h e  f i r s t  
185 hours  of ope ra t ion  t h e  n e u t r a l  f r a c t i o n  decreased from an i n i t i a l  
1.3% t o  as low as .4% and averaged approximately 1%. A t  t h i s  t i m e  
a leak developed i n  t h e  feed  l i n e  connect ion t o  t h e  b o i l e r ,  t h e  engine 
w a s  removed and t h e  b o i l e r  re turned and t h e  system rep laced  i n  t h e  
vacuum s t a t i o n .  
t h i s  r e p a i r  t h e  emitter exh ib i t ed  an oxygenated c h a r a c t e r i s t i c  wi th  
n e u t r a l s  as low as .1%. 
During t h e  f i r s t  20 t o  30 hours of ope ra t ion  fol lowing 
They gradual ly  increased  t o  1 1 / 2 %  and then  
tended t o  improve. 
1% (measured). 
A t  t h e  300 hour per iod  t h e  n e u t r a l  f r a c t i o n  w a s  
10 2 
A t  t h e  end of 250 hours t o t a l  t es t  t i m e  i t  became obvious t h a t  one 
g r i d  bar  was i n t e r c e p t i n g  t h e  ion  beam. 
w a s  completely cu t  i n  h a l f .  The engine continued t o  func t ion  f o r  an 
a d d i t i o n a l  1 3  hours a t  which t i m e  t h e  upper p o r t i o n  of t h e  g r i d  ba r  
s l i pped  down and shor ted  t o  t h e  emi t t e r .  
A t  t h e  300 hour mark t h i s  b a r  
The g r i d  w a s  replaced i n  the g r i d  s t o r a g e  r ack  and t h e  engine 
removed from t h e  vacuum tank  under an argon bag s o  t h a t  t h e  g r i d  could 
be  removed and examined. 
system. 
s i d e ;  Figure 46  i s  a photograph of t h e  g r i d  taken from t h e  downstream 
s i d e .  Both of t h e s e  photographs (Figure 46  i n  p a r t i c u l a r )  show t h e  
evidence of l o c a l i z e d  poor o p t i c s .  It w a s  decided t h e r e f o r e ,  t o  
remove t h e  engine once more from the  vacuum s t a t i o n  and examine t h e  
emitter su r face .  It w a s  found t h a t  t h e  emitter s u r f a c e  had s e v e r a l  
The engine w a s  then  rep laced  i n  t h e  vacuum 
Figure  45  is  a photograph of t h i s  g r i d  taken  from t h e  upstream 
i r r e g u l a r i t i e s  most ly  charac te r ized  by b a l l  o r  war t - l ike  p ro t rus ions  
from t h e  r e g u l a r  contour .  The l a r g e s t  of t h e s e  w a s  about 2 thousandths 
of a n  inch  i n  diameter .  
wi th  t h e  eroded g r i d  a p e r f e c t  match w a s  found. 
By comparing t h e  l o c a t i o n  of t h e s e  i r r e g u l a r i t i e s  
'Although t h e s e  p l a t e l e t s  had n o t  been observed a f t e r  t h e  s p u t t e r i n g  
o p e r a t i o n  o t h e r  emitters have exhib i ted  similar e f f e c t s  e s p e c i a l l y  when 
an excess ive  amount of m a t e r i a l  has been s p u t t e r e d .  
w a s  t h e  c a u s i t i v e  f a c t o r  f o r  t h e  pro t rus ions .  
Presumably then  t h i s  
The s u r f a c e  condi t ion  was p a r t i a l l y  co r rec t ed  by means of a 
s p e c i a l l y  shaped broach which w a s  used t o  sc rape  one f l u t e  contour a t  
a t i m e .  
one s o l i d  tungs ten  f l u t e  w a s  a c t u a l l y  broken away. This  might have 
happened dur ing  t h e  la t ter  po r t ion  of test #3 when t h e  g r i d  w a s  racked 
i n  and o u t  several t i m e s ,  
I n  t h e  area matching t h a t  where t h e  g r i d  b a r  had been c u t  i n  h a l f  
I n  summary t h i s  emitter performed very  w e l l  f o r  a per iod of 313 
hours .  The graphic  summary is p lo t t ed  i n  F igure  47. The f a c t  t h a t  a l o w  
n e u t r a l  f r a c t i o n  matching and even surpass ing  t h e  equiva len t  bu t ton  test 
d a t a  f o r  t h i s  per iod of t i m e  and without f u r t h e r  a d d i t i o n  of ace ty l ene  
proved t h a t  indeed t h e  long term s t a b i l i t y  of an emitter could be achieved. 
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F i g u r e  45 .  Photograph of t h e  35 m i l  copper g r i d  
used i n  L i f e  T e s t  No. 4 (upstream view).  
F i g u r e  46 .  Photograph of t h e  copper g r i d  used 
i n  L i f e  T e s t  No. 4 (downstream s i d e ) .  
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7.6 LIFE  TEST NO. 5 
2 Summary: 100 hours a t  15  ma/cm 
Nickel g r i d :  
Copper b o i l e r  feed system: 
Emitter G-6(b) 
Although t h e  emitter sur face  w a s  cons iderably  improved a f t e r  sc rap ing  
t h e  contours  wi th  a broach, t h e  broken f l u t e  made i t  obvious t h a t  any l i f e  
test would be  terminated eventua l ly  by a g r i d  b a r  being c u t  i n  two. 
decided however, t h a t  t h i s  emitter could be used t o  check t h e  long term 
s t a b i l i t y  of an  engine employing a n i c k e l  g r i d  and a test was i n i t i a t e d .  
It w a s  
A s  t h e  test proceeded t h e  emi t t e r  became g radua l ly  oxygenated as 
i n d i c a t e d  by t h e  remnant oxygen type a vs T d a t a  and increased  g r i d  d r a i n  
( s e e  F igure  48 f o r  a graphic  summary of t h i s  l i f e  t e s t ) .  The oxygen con- 
tamina t ion  w a s  caused by a h igh  p a r t i a l  p re s su re  of water vapor ( i . e .  5 x 
t o r r )  dur ing  t h e  f i r s t  30 hours of opera t ion .  
increased  frpm .7% i n i t i a l l y  t o  2.5% a t  t h e  end of t h e  test. 
s h o r t  per iod  of ace ty l ene  exposure however t h e  n e u t r a l  f r a c t i o n  decreased 
to1.19%. 
tk test were d iscussed  i n  See" 6.2and i l l u s t r a t e d  i n  F igure  28. 
The n e u t r a l  f r a c t i o n  
Af te r  a 
The "clean" a vs  T c h a r a c t e r i s t i c s  a t  t h e  beginning and end of e 
The g r i d  d r a i n  remained low throughout t h e  tes t ,  never r i s i n g  
above 4 m a  (% 1.6% of t h e  beam cur ren t )  even i n  t h e  remnent oxygen condi t ion .  
The g r i d  performed w e l l  and, l i k e  our  copper g r i d s ,  t h e  b a r s  remained per- 
f e c t l y  s t r a i g h t  throughout t h e  t e s t .  
7.7 LIFB TBST 80. 6 
2 
S u t u a r y :  524 hours (opera t ing  t i m e )  C 15 m/cm 
N i e R e l  grid:  
Copper boiler: 
Emitter G-6 ( e l ec t ropo l i shed) :  
h i t t e r  temperature:  1550'K 
This  s e c t i o n  summarizes our most success fu l  l i f e  test  dur ing  t h i s  
series. The n i c k e l  g r i d  which was used f o r  t h i s  test  w a s  i n s t a l l e d  a t  
0800 hours  January 5 ,  1966 and opera t ion  wi th  t h e  f u l l  ion beam commenced 
a t  0950 hours  of t h e  same day. 581 hours  later (1445 hours  January 29, 
1966) t h i s  test was terminated due t o  a s h o r t  which developed between 
t h e  i o n i z e r  b a f f l e  and t h e  g r i d  r a i l  (pos t  examination showed t h a t  t h i s  
w a s  caused by pee l ing  of sput te red  material on t h e  i o n i z e r  baffle). .  The 
g r i d  i t s e l f  w a s  i n  good cond i t ion  a t  the end of t h e  test and i n  no way 
con t r ibu ted  t o  t h e  te rmina t ion  of t h i s  test .  
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Figure  4 8 .  Graphic summary of L i f e  Test No. 5 
[ E m i t t e r  G-6  (b) ; n i c k e l  g r i d ] .  
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Emitter G-6 w a s  i n s t a l l e d  on December 27 ,  1965 i n  vacuum f a c i l i t y  
No. 2 t oge the r  wi th  s e v e r a l  g r i d s ,  i n  t h e  s to rage  c a r t r i d g e  (1 copper ,  1 
cupro-nickel ,  1 i r o n ,  1 n i c k e l  and 1 tungs ten  hea t  s h i e l d  g r i d ) .  On 
December 28 t h e  emitter w a s  brought up t o  temperature f o r  t h e  f i r s t  
t i m e  and emiss iv i ty  measurements were made, An emit tance of 0 .2  - .01 
(3 1500°K w a s  measured. 
+ 
The cesium b o i l e r  w a s  f i l l e d ,  a copper g r i d  i n s t a l l e d ,  and a vs 
T measurements made f o r  t h e  f i r s t  t i m e .  
25 showing t h e  i n i t i a l  remnant oxygen cond i t ion  and t h e  "clean tungsten" 
These are summarized i n  F igure  
curve  obtained by adding acetylene.  
An i r o n  g r i d  w a s  i n s t a l l e d  f o r  l i f e  t e s t i n g .  Measured n e u t r a l s  
2 were 1,55 t o  1,65% (3 1480°K and 15 m a / c m  . 
buckled during t h e  f irst  hour ' s  operat ion.  
Unfortunately t h e  g r i d  
It w a s  t hen  decided t h a t  t he  l i f e  test would be  i n i t i a t e d  us ing  a 
cupro-nfckel g r f d  and test  undertaken a t  1705 hours December 30, 1965. 
This  test f a i l e d  due t o  a buckled g r i d  b a r  a f t e r  85 hours  of ope ra t ion  
so  t h e  n i c k e l  g r i d  w a s  i n s t a l l e d  and L i f e  T e s t  No. 6 w a s  begun. 
During t h e  next 581 hours  engine ope ra t ion  w a s  i n t e r u p t e d  twice 
f o r  b o i l e r  r e f i l l  and t h r e e  t i m e s  because of a f a u l t y  b a l l a s t  r e s i s t o r  
i n  t h e  external c o n t r o l  c i r c u i t r y .  
when a s h o r t  developed between one of t h e  g r i d  frame guide  r a i l s  and t h e  
i o n i z e r  baff le ,  yie lded  a n e t  opera t ing  t i m e  of 524 hours  a t  f u l l  beam 
cur ren t .  
The tes t ,  which w a s  f i n a l l y  terminated 
Figure 49 i l l u s t r a t e s  t h e  v a r i a t i o n  of beam c u r r e n t ,  g r i d  d r a i n  
c u r r e n t  and n e u t r a l  f r a c t i o n  wi th  t i m e  during t h e  test. The r e s u l t s  are 
unusual  i n  two r e s p e c t s :  (1) t h e  d r a i n  c u r r e n t  which ranged between 3 and 
9% (averaging 4 . 8 % )  w a s  much higher t han  t h a t  f o r  any o t h e r  l i f e  t es t ;  and 
(2) t h e  n e u t r a l  f r a c t i o n  which remained q u i t e  l o w  dur ing  t h e  f i r s t  120 hours 
of opera t ion ,  fncreased  q u i t e  s i g n i f i c a n t l y  a f t e r  t h e  f i r s t  ' bo i le r  r e f i l l  
and r m a h e d  high dur ing  t h e  remainder of the test. 
f o r  t h e s e  c h a r a c t e r i s t i c s  are discussed a t  t h e  end of t h i s  s ec t ion .  
P o s s i b l e  explana t ions  
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Figure 49. Graphic summary of L i f e  T e s t  No. 6 
[Emitter G-6; n i c k e l  g r i d ] .  
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Immediately a f t e r  removal of t h e  engine from t h e  vacuum f a c i l i t y  a f t e r  
t h e  te rmina t ion  of t h i s  tes t ,  photographs were taken of t h e  n i c k e l  g r i d ,  
F igure  50 i s  an enlarged view of t h e  upstream s i d e ;  F igure  51  i s  a similar 
view of t h e  downstream s i d e .  Grid e ros ion  i s  s l i g h t  on t h e  upstream s i d e ,  
whi le  t h e r e  i s  evidence of cons iderable  e ros ion  on t h e  downstream s i d e .  
Note t h a t  t h i s  e ros ion  took p lace  on t h e  o u t e r  edges of t h e  g r i d  ba r s  
(away from c e n t e r )  i n d i c a t i n g  over-expansion of t h e  g r i d  frame. 
t h e  f i r s t  t i m e  t h a t  t h i s  type  of mis - r eg i s t r a t ion  has  been observed. The 
m a j o r i t y  of t h e  e ros ion  took p lace  dur ing  t h e  f i r s t  100 hours  of ope ra t ion .  
Because of i t ,  t h e  t r u e  charge exchange e ros ion  is  d i f f i s u l t  t o  assess. 
This  i s  
* 
The ope ra t ion  of t h e  engine throughout t h i s  test was 'gene ra l ly  
smooth and arc f r e e .  During t h e  f irst  60 hours s m a l l  arcs as evidenced 
by g r i d  d r a i n  cu r ren t  pu l se s  on the s t r i p  c h a r t  r eco rde r ,  occurred a t  t h e  
approximate rate 1 per  hour ,  (These were usua l ly  undetec tab le  on t h e  i o n  
beam cur ren t  c h a r t ) .  
approximately one arc  i n  4 hours .  
Af te r  60 hours of ope ra t ion  t h i s  rate was down t o  
During t h e  major po r t ion  of t h e  t es t ,  t h e  engine w a s  operated with 
t h e  head-gate c losed .  
gases  w a s  u sua l ly  below t h e  d e t e c t a b i l i t y  l i m i t  of t h e  gas  analyzer  ( 1  x 
The oxygen o r  water vapor conten t  of t h e  vacuum 
t o r r ) .  Nevertheless ,  t h e  emitter exh ib i t ed  a s t rong  tendency t o  
r e t u r n  t o  t h e  remnant oxygen condi t ion  a f t e r  ace ty l ene  exposure. 
The engine w a s  exposed t o  t h i r t y  minutes of ace ty l ene  gas  ( a t  a 
-6 
p r e s s u r e  level  ranging from 5 t o  9 x 10 t o r r )  a t  t h e  5 ,  30 and 200 
hours  po in t s .  A t  t h e  30 hour i n t e r v a l  a temporary dec rease  i n  n e u t r a l s  
t o  1.15% w a s  noted. This  however increased  t o  2.1% w i t h i n  1 hour and 
remained a t  t h i s  average l e v e l  u n t i l  a f t e r  t h e  f i r s t  b o i l e r  r e f i l l .  An 
a vs T measurement p r i o r  t o  t h e  add i t ion  of t h e  ace ty l ene  a t  t h e  200 
hours  i n t e r v a l  showed a t y p i c a l  remnant oxygen condi t ion .  
a vs T curves  were i l l u s t r a t e d  i n  F igure  28. 
Some of t h e s e  
* as  determined by v i s u a l  observa t ion  through t h e  s i d e  view p o r t  of 
t h e  tank ('see Figure 11) 
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F i g u r e  50. Nickel  g r i d  used i n  Life Test 
No. 6 (upstream s i d e ) .  
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F i g u r e  51. Nicke l  g r i d  used i n  L i f e  T e s t  
No. 6 (downstream s i d e ) .  
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It is  d i f f i c u l t  t o  exp la in  t h e  degrada t ion  i n  emitter performance 
a s s o c i a t e d  wi th  t h e  b o i l e r  r e f i l l s  s i n c e  both were c a r r i e d  out  i n  exac t ly  
t h e  same manner as i n  t h e  f i l l  p r i o r  t o  i n i t i a l  t e s t i n g .  One explana t ion  
might be t h a t  as t h e  b o i l e r  ran  dry t h e  concen t r a t ion  of cesium ex ide  in -  
c reased .  A t  t h e  same t i m e  t h e  b o i l e r  temperature  w a s  r a i s e d  w e l l  above 
i t s  normal average - perhaps t o  a level where t h e  vapor p re s su re  of cesium 
oxide  becomes s i g n i f i c a n t .  
emitter and g iv ing  r ise t o  t h e  remnent oxygen condi t ion .  
a 
This  would cause  a slow oxygen feed  through 
The unusual ly  high d r a i n  cu r ren t  throughout t h e  test remains 
something of a mystery.  
amount would r e q u i r e  g r i d  ba r  temperatures i n  t h e  neighborhood of 1300°K 
according t o  Wilson's(1o) measurements of e l e c t r o n  emission of c e s i a t e d  
n i c k e l .  
cep t ion  of t h e  beam. 
t h e  g r i d  would i n d i c a t e  over-expansion due t o  an extremely h igh  g r i d  frame 
temperature  t h i s  explana t ion  hardly seems c r e d i b l e  i n  t h e  l i g h t  of p r i o r  
measurements of both g r i d  frame and g r i d  ba r  temperatures .  (2) 
l i k e l y  explana t ion  appears  t o  be simply t h e  accumulation of a low work 
func t ion  s u b s t r a t e  on t h e  g r i d  r a i l s .  
Elec t ron  emission from t h e  n i c k e l  i t s e l f  of t h i s  
This  temperature  could only be  achieved by a l a r g e  d i r e c t  i n t e r -  
While i t  i s  indeed t r u e  t h a t  t h e  e ros ion  p a t t e r n  of 
A more 
7.8  SUMMARY OF LIFE TEST DATA 
I.* 
Table XI1 summarizes t h e  important d a t a  a s soc ia t ed  wi th  t h e s e  l i f e  
tests. The f i r s t  t e n  rows of t h i s  t a b l e  e s s e n t i a l l y  d u p l i c a t e  t h e  information 
ob ta inab le  from Figure  38, 4 2 ,  4 4 ,  47, 48 and 4 9 .  The l a s t  t h r e e  provide  an  
i n s i g h t  i n t o  t h e  i n t e g r a t e d  performance. 
The s i g n i f i c a n t  drop i n  average n e u t r a l  f r a c t i o n  from 7.15% (co r rec t ed )  
i n  L i f e  T e s t  No. 3 t o  3.3% i n  during L i f e  T e s t  No. 4 demonstrates t h e  f a c t  
t h a t  s p u t t e r i n g  (or  e l e c t r o p o l i s h i n g l t h e  s u r f a c e  t o  improve t h e  mic ros t ruc tu re  
can be permanently b e n e f i c i a l .  
The high average n e u t r a l  f r a c t i o n  dur ing  L i f e  Test No. 6 should no t  
be  compgred unfavorably wi th  t h a t  of L i f e  T e s t  No. 4 .  
averagedZ.l% dur ing  t h e  f i r s t  120 hours  proves t h a t  contaminents i f  p re sen t  
can be  b a s i c a l l y  harmless as long as oxygen is absen t .  
The f a c t  t h a t  n e u t r a l s  
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Performance Summary of L i f e  Tests 
L i f e  Test No.: 
Emitter: 
Grid Mat'l: 
IbeamAve* ,MA: 
'drain '  MA: 
MAX: 
FINISH: 
Neu t ra l s  
Average Corrected 
Neut ra l  f r a c t i o n  f%) 
1 
G-4-2 
cu 
225 
5** 
4.5 
23 
2.0 
4.2 
16 
2 
G-6 (b)  
c u  
225 
2-10 
3.5 
4.5 
3.5 
4.2 
12.4 
3 
G-6 (b) 
cu 
220 
12.5 
6.3 
6.3 
2 .1  
3.6 
7.15 
4 
G-6 (b) 
cu  
220 
1-13*** 
1 .3  
1 .5  
.35 
1 .o 
3.3 
5 
G-6 (b) 
N i  
230 
1-4 
.68 
10  (@250MA) 
.68 
2.4 
(1.19 a f t e r  
ace ty lene)  
7.4 
6 
G-6 
N i  
225 
5.25 
.8 
3.7 
.45 
3.7 
6 J  
Durat ion of Average 
(hours)  486 1 7 2  387 313 104 524 
Equivalent  hours @ 
1% n e u t r a l s  7800 2140 2760 1040 770 3517 
I r e g  . Good V.  Good 
Erosion 
---- ---- Condit ion of Grid Worn 
out  Optic  
REMARKS T e s t  No. 1 - Most of t e s t  conducted wi th  l e a k  i n  feed  l i n e  
Test No. 2 - Very s t a b l e  ope ra t ion  
T e s t  No. 3 - Very s t a b l e  ope ra t ion  
Test No. 4 - F a i l u r e  due t o  poor o p t i c s  
Test No. 5 - Very s t a b l e  o p e r a t i o n  
T e s t  No, 6 - Excel len t  e l e c t r o d e  and emitter performance. 
Neut ra l s  increased a f t e r  each r e f i l l  of b o i l e r .  
2 * 
'beam ** Drain increased  t o  37 m a  (ave) a f t e r  l e a k  i n  feed  l i n e  developed. 
*** Increased t o  1 3  MA a f t e r  l e a k  dev. i n  b o i l e r .  Af t e r  r e p a i r  d r a i n  
d id  no t  exceed 2.8 MA. 
= 225 MA y i e l d s  J = 15 MA/CM 
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The contamination problem l e d  t o  one important advantage here .  These 
are b a s i c a l l y  acce le ra t ed  l i f e  tests because of the high n e u t r a l  f r a c t i o n .  
This  i s  most f o r c e f u l l y  demonstrated by L i f e  T e s t  No. 1 where t h e  average 
co r rec t ed  n e u t r a l  f r a c t i o n  was 16%. 
presumably t h e  n e u t r a l  f r a c t i o n  of 6-4-3 (see Figure  24) would have been 
obta ined .  A t  t h i s  level (.9%) L i f e  T e s t  No. 1 i s  equiva len t  t o  17,300 
hours  ope ra t ion  wi th  a n i c k e l  g r i d  (assuming t h a t  t h e  measured s p u t t e r i n g  
y e i l d  o r  n i cke l*  is one-half t h a t  of copper) .  
Had t h e  contaminants no t  been p r e s e n t ,  
L 
7.9 CALCULATION OF ELECTRODE LIFE FOR THE TRW-CONTACT ENGINE 
I n  appendix I t h e  b a s i c  r e l a t i o n s h i p s  are der ived  f o r  c a l c u l a t i n g  
t h e  e l e c t r o d e  l i f e  of an i o n  engine wi th  e i t h e r  accel-decel ,  space-charge 
l i m i t e d ,  o r  emission l i m i t e d  opera t ion .  
e l e c t r o d e  l i f e  f o r  t h e  TRW-Systems o p t i c s  f o r  t h e  perveance l i m i t e d  ( i . e .  
space  charge l i m i t e d  case) us ing  the equat ions  and computed curves  of 
ppendix  I. The cons t an t s  s e l e c t e d  y i e l d  a conserva t ive  - o r  minimum 
es t imated  e l e c t r o d e  l i f e  which is  use fu l  i n  c o r r e l a t i n g  and p r o j e c t i n g  
the life +?st data. 
The i n t e n t i o n  he re  is t o  c a l c u l a t e  
Using t h e  fol lowing r e spec t ive  charge exchange c r o s s  s e c t i o n  and 
s p u t t e r i n g  y i e l d  of n i c k e l :  
u = 7.11 x 10 
S = .00195V 
-14 -.125 cm2 
gmsN i / gmC s ,825 
(where V is t h e  accel vo l t age )  
and us ing  a va lue  f o r  $ J ~  of .3  which i s  twice t h a t  which is  obtained us ing  
Brewers 
equat ions  11, 31, and 38 of Appendix I y i e l d  t h e  express ion  f o r  e l e c t r o d e  
computer c a l c u l a t i n g  of charge exchange i o n  escape p r o b a b i l i t y ,  
* see s p u t t e r i n g  d a t a  i n  sec. 8.2. 
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l i f e ,  L,  of 
hours  1 .6  
(1 + 9.85w/J) 
L =  
Q J2 v7 
P 
assuming 30% e ros ion  as t h e  end l i f e .  
v -  
P 
a =  
J -  
w =  
accel vo l t age  
t r u e  n e u t r a l  f r a c t i o n  
ion  cu r ren t  d e n s i t y  i n  amps/cm 
equiva len t  width of a f l a t  a c r o s s  each f l u t e  peak 
accounting f o r  machining t o l e r a n c e s  
2 
L i f e  c a l c u l a t i o n s  f o r  emission l imi t ed  ope ra t ion  a t  1 5  ma/cmL and a N i  g r i d  are 
p l o t t e d  i n  F igure  52 f o r  two caseso f  imperfect  o p t i c s ,  w = .0005" and .0001". 
These two va lues  roughly r ep resen t  p re sen t  and p ro jec t ed  s ta te  of t h e  art i n  
emitter f a b r i c a t i o n  accuracy. 
A more gene ra l  set of curves  is p l o t t e d  i n  F igure  53 where t h e  maximum 
a l lowable  n e u t r a l  f r a c t i o n  t o  guarantee va r ious  s p e c i f i e d  l i f e  t i m e s  is  
p l o t t e d  as a func t ion  of cu r ren t  dens i ty  wi th  a n  accel vo l t age  of 2000 v o l t s .  
I n  t h i s  case no accel-decel  is  requi red  a t  c u r r e n t  d e n s i t i e s  a t  o r  below .025 
arnp/cm2 wi th  t h e  TRW-System engine.  
These estimates are probably conserva t ive  f o r  t h e  fol lowing reasons:  
(1) Neutral  d i s t r i b u t i o n  peaks i n  t h e  forward d i r e c t i o n  should 
y i e l d  50% less eros ion .  
(2)  The charge exchange cross-sect ion used is  probably 1.5 times 
t h e  t r u e  value.  
(3) The f a c t o r  $ o  is probably much c l o s e r  t o  t h e  .15 va lue  than  
t h e  . 3  which w a s  used i n  t h i s  ca l cu la t ion .  
( 4 )  A cons iderable  f r a c t i o n  of t h e  s p u t t e r e d  g r i d  material is 
redepos i ted  on t h e  g r i d  by being re-evaporated from t h e  emitter. 
(5) Our l i f e  tests have repea ted ly  demonstrated t h a t  much more 
than  30% of t h e  g r i d  than  can be  eroded be fo re  f a i l u r e .  
The l i f e  test d a t a  summarized i n  Table X I 1  can be used as a cross-  
check upon t h e  accuracy of t h e s e  c a l c u l a t i o n s .  
t h e  equ iva len t  e ros ion  from t h e  f i r s t  l i f e  test  and assume t h a t  it would 
For example i f  we cons ider  
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LIFE CALCULATIONS 
V = 1360 VOLTS 
ELECTRODE MATE RIAL: NICKEL 
J = 15 MA/CM' 
0 
NEUTRAL FRACTION (PERCENT) 
2 Calculated e l e c t r o d e  l i f e  ( a t  15 m a / c m  ) 
vs n e u t r a l  f r a c t i o n  f o r  t h e  TRW Systems 
engine (two cases of imperfect  o p t i c s ) .  
F igure  52. 
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L 
---W 0.0001 IN. 
- w  0.0005 IN. 
Figure 53. Minimum est imated e l e c t r o d e  l i f e  as 
a f u n c t i o n  of c u r r e n t  d e n s i t y  f o r  two 
cases of imperfect o p t i c s  and v a r i o u s  
a ' s .  
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have funct ioned twice as long wi th  a n i c k e l  g r i d  t h e  equiva len t  ope ra t ing  
t i m e  a t  .3% n e u t r a l s  i s  53,000 hours. This  is i n  f a i r l y  good agreement 
wi th  t h e  ca l cu la t ed  l i f e  curves of Figures  49 and 50. 
7.10 I O N I Z E R  DURABILITY 
The use fu l  l i f e  of an emi t te r  can be l imi t ed  by any one o r  a l l  of 
t h e  fol lowing:  
1. Volumetric s i n t e r i n g  (gradual ly  reducing t h e  permeabi l i ty ) ;  
2. Surface s i n t e r i n g  (leading t o  a reduced pore count ) ;  
3. 
4. Emitter e ros ion  by back bombardment of nega t ive  ions .  
Etching of t h e  emi t t e r  sur face  by oxygen o r  water vapor;  and 
The f i r s t  3 e f f e c t s  are vas t ly  inf luenced by t h e  presence of impur- 
i t i e s  i n  t h e  tungs ten  and/or gases  evolved from t h e  cesium. 
S in te r ing  rates v s  temperature have been measured at high temperatures 
and ex t r apo la t ing  t o  t h e  normal operat ing va lues  by K i r k p a t r i ~ k ' ~ )  and o t h e r s  
They assume a s t r a i g h t  l i n e  r e l a t i o n s h i p  i n  a log  t i m e  vs 1 / T  p l o t .  
r e s u l t s  f o r  var ious  s i z e  powder l o t s  are i l l u s t r a t e d  i n  Figure 54. 
(12) 
K i rkpa t r i ck ' s  
As i s  t o  be  
expected t h e  smaller t h e  powder size t h e  s h o r t e r  t h e  l i f e  a t  a given opera t ing  
temperature.  
Hughes' 324-S material. 
cu la ted  on t h e  bases  of a 50% reduct ion i n  permeabi l i ty  and i s  t h e r e f o r e  
q u i t e  conservat ive.  
The 3.7 micron powder curve would be a good approximation of 
It should b e  noted t h i s  p a r t i c u l a r  end l i f e  is ca l -  
The post  examination of emitter G-6 showed some evidence of s u r f a c e  
s i n t e r i n g  but  neve r the l e s s  a good genera l  o v e r a l l  appearance a f t e r  650 
hours of opera t ion .  
Figure 55. 
l eng th  of t i m e  i n  a water vapor environment is included i n  Figure 55 ( i n s e t ) .  
The photo of the  emitter s u r f a c e  is i l l u s t r a t e d  in 
By way of c o n t r a s t  a photo of a e a r l y  emitter operated f o r  some 
The back bombardment of t h e  e m i t t e r  s u r f a c e  by negat ive  ions  can be  a 
l i f e  l i m i t i n g  f a c t o r  f o r  t h e  emi t te r .  Ear ly i n  1962 Krohn (13) measured 
negat ive  i o n  formation from cesium i o n  bombardment of copper,  beryl l ium, 
and s e v e r a l  o the r  materials. 
SAMPLE DESCRIPTION 
AVE 
POWDER PARTICLE INITIAL 
DENSllY DIAM - -  LOT 
A 3.6)~ 79% 
B 3.9p 79% 
D 5 . 1 ) ~  79% 
E 5 . 8 ) ~  79% 
IONIZER TEMPERATURE (OK) 
Figure  54. Rela t ionship  between i o n i z e r  l i f e t i m e  
and temperature f o r  va r ious  s p h e r i c a l  
t ungs t en  powder l o t s .  
12 0 
a 
0 
Figure  55. E m i t t e r  G-6 a f t e r  650 hours  of 
ope ra t ion  ( i n c l u d i n g  L i f e  Tes t  
No. 6 ) .  I n s e t :  1964 emitter a f t e r  
approximately 200 hours  of o p e r a t i o n .  
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Krohn found t h a t  t h e  cesium coverage of t h e  bombarded material w a s  an 
important  f a c t o r .  
appeared as t h e  copper temperature  was r a i s e d  above a c e r t a i n  po in t .  This  
d i scovery  w a s  preceded by several cases  of n o t i c e a b l e  emitter e ros ion  i n  an  
engine conf igu ra t ion  us ing  copper g r i d s  which %ere cooled by conduction t o  
a base  p l a t e .  
I n  f a c t  he  found t h a t  nega t ive  i o n s  from t h e  copper d i s -  
The g r i d  b a r  temperature assoc ia ted  wi th  t h e  present  g r i d  s t r u c t u r e  
has  been measured on several occasions and found t o  be  i n  t h e  800 t o  lOOO'K 
range. 
It is, i n  f a c t ,  i n t e r e s t i n g  t o  no te  t h a t  t h e  "remnant-oxygen" c h a r a c t e r i s t i c  
of t h e  contaminated emitters has  shown q u i t e  conclus ive ly  t h a t  nega t ive  ions  
are not  generated a t  t h e  g r i d .  
could be  recovered by reducing t h e  g r i d  b i a s  t o  zero .  
f o r  t h i s  type  of clean-up is  t h a t  of nega t ive  ions  generated a t  t h e  c o l l e c t o r  
(o r  downstream i n  t h e  beam) d r i f t i n g  back t o  t h e  engine and bombarding t h e  
emitter su r face .  Obviously i f  nega t ive  ions  were being formed on t h e  g r i d  
t h i s  type  of bombardment would be  going on cont inuously and t h e  "remnant- 
oxygen" cond i t ion  would no t  occur .  
There has  been no evidence of nega t ive  ion  e ros ion  wi th  t h i s  g r i d .  
On several occasions "clean" emitter ope ra t ion  
The only mechanism 
There is a good p o s s i b i l i t y  t h a t  o t h e r  engine des igns  have been sub- 
j e c t  t o  nega t ive  i o n  e ros ion  due t o  ope ra t ing  t h e  e l e c t r o d e s  a t  too low a 
temperature .  I n  gene ra l ,  h igh d r a i n  c u r r e n t s  (except ing a d i r e c t  i n t e r -  
cep t ion  problem) i n d i c a t e  a h igh  p r o b a b i l i t y  of nega t ive  i o n  e ros ion .  
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8. LIFE VERSUS EFFICIENCY - PRESENT POTENTIAL OF THE 
CONTACT I O N  ENGINE 
8.1 INTRODUCTION 
The mission du ra t ion  f o r  a given e lectr ic  propuls ion  a p p l i c a t i o n  is 
g e n e r a l l y  e i t h e r  s p e c i f i e d  
Consequently t h e  e l e c t r o d e  d u r a b i l i t y  requirement is  known and from t h e  
known c h a r a c t e r i s t i c s  of an  i o n i z e r  a maximum a l lowable  c u r r e n t  d e n s i t y  
is  s e l e c t e d .  
determined by t h e  i o n i z e r  hea t ing  requirement.  I n  t h i s  s e c t i o n  r e c e n t  
improvements i n  t h e  thermal e f f i c i e n c y  of t h e  TRW-Systems engine are 
descr ibed .  
several of t h e  b e t t e r  i o n i z e r  materials as an example. 
O r  f l e x i b l e  w i t h i n  f a i r l y  narrow l i m i t s .  
Engine e f f i c i e n c y  of t h e  con tac t  engine w i l l  t hen  be  l a r g e l y  
The e f f i c i e n c y  p o t e n t i a l  of t h i s  des ign  is  es t imated  us ing  
8.2 THEBMAL EMITTANCE AND SHIELDING EFFICIENCY MEASUREMENTS 
During t h e  l i f e  test of G-6 which have been e l ec t ropo l i shed  
according t o  t h e  methods descr ibed  above, t h e  hea t ing  requirements  w a s  
190 w a t t s  a t  1500'K. 
and compares wi th  270 watts requi red  f o r  emitter G-6:(b) t e s t e d  earlier 
and which had not  been e l ec t ropo l i shed .  
This  remained cons t an t  dur ing  560 hours  of ope ra t ion  
The emiss iv i ty  of 6-6 was determined by measuring t h e  hea t ing  
requirement of t h e  emitter, f i r s t  with no g r i d  i n  p l a c e  and secondly wi th  
a g r i d  conta in ing  a s i n g l e  tungsten s h e e t  spaced .02" from t h e  emitter, 
a n d  having t h e  same dimensions as the  emitter (1.2 x 2.08 inches ) .  
measuring t h e  temperature  of t h e  tungsten s h e e t  t h e  f r o n t a l  r a d i a t i o n  can 
be  c a l c u l a t e d  assuming t h e  tungsten s h e e t  has  an  emis s iv i ty  as publ ished 
i n  t h e  l i t e r a t u r e .  
By 
The method of c a l c u l a t i n g  emis s iv i ty  from t h i s  d a t a  i s  d iscussed  r e f .  (1). 
The r e s u l t s  from t h e  6-6 d a t a  ind ica ted  an e m i s s i v i t y  of .2. 
e m i s s i v i t y  of tungs ten  is  ,192 a t  t h i s  temperature .  
The publ ished 
These c a l c u l a t i o n s  a l s o  show t h a t ,  w i th  a n i c k e l  g r i d  i n  p l ace ,  
t h e  f r o n t a l  r a d i a t i o n  w a s  87 wat t s  o r  5.7 w a t t s  pe r  cm2 of p ro jec t ed  i o n  
beam. The thermal  s h i e l d i n g  e f f i c i e n c y ,  def ined  as t h e  r a t i o  of f r o n t a l  
t o  t o t a l  r a d i a t i o n  l o s s .  w a s  t he re fo re  only  46%. 
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Because of the significance of these measurements in terms of power 
efficiency for the ion emitter, TRW Systems undertook an in-house investi- 
gation to check the reliability of the data and determine where shielding 
efficiency could be improved. 
These experiments were conducted with a reject emitter whose heat- 
ing requirements were measured before and after electropolishing. 
of 32 different measurements with different shielding configurations recon- 
firmed the emissivity measurements above for freshly electropolished porous 
tungsten. Further, it was found that thermal efficiency could be increased 
to 60% fairly easily. 
A total 
A more definitive experiment was performed by electropolishing 
emitter 6-7-3 (Hughes 324-S material) and using a shielding configuration 
consisting of rhodium heat shield boxes close to the emitter plus a 1/4" 
thick layer of fibrafrax and a final outer covering of molybdenum. 
measured heating requirement was 137 watts at 1500'K. 
The 
This power requirement is plotted as a function of temperature in 
Comparing this with Figure 56 and labelled "present heating requirement". 
the power requirements of the various emitters tested under this contract 
(also plotted in Figure 56) shows the significant improvement which has 
been achieved. Further improvements should lead to the "future heating 
requirement" curve which represents a thermal shielding efficiency of 
72% (i.e. frontal radiation accounts for 72% of the total loss). 
The heat shielding experiments also isolated various sources 
of heat loss. Table XI11 contains power inventories for the cases of: 
(1) 
(2) the present improved design; and 
(3)  
the engine configuration used for Life Test # 6 ;  
a projected future design which should be fairly easily achieved. 
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IONIZER TEMPERATURE 
Figure  56. P a s t  present  and f u t u r e  hea t ing  
requirements f o r  t h e  TRW Systems 
1" x 2" contac t  engine (15.3 cm2). 
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TABLE XI11 
TOTAL HEATING REQUIREMENTS OF 3 ENGINE DESIGNS (at 1500'K) 
THRUSTOR DESIGN 1) G-6 Engine 2) Present 3) Future 
Frontal Radiation 87 watts 87 watts 87 watts 
(with nickel grid) 
Unshielded side Rad. 25 watts 0 watts 0 watts 
Conduction thru supports 15 
Feed Tube Conduction 15 
5 
5 
5 
5 
Heater end losses 9 8 5 
Radiation thru shields 39 32 10 
Total 190 13 7 112 
Shielding Efficiency 46% 63% 71.5% 
Watts/cm2 of ion beam 12.4 9.8 7.35 
We have selected three examples in order to further emphasize the 
influence of the latest improvements in shielding efficiency, lower 
emissivity of the emitter and lower critical temperatures (due to the 
electropolish operation) on the engine efficiency. 
In all cases the'bresent heating requirement"shown in Figure 56 is 
assumed. Current densities such as that a J is constant are selected to 
provide a constant electrode life. 
.0001" is assumed. This is definitely within the state of the art even 
though our present electropolishing procedure does not meet this speci- 
f icat ion. 
2 
Finally a flat along a flute peak of 
12 6 
The results of these calculations are summarized in Table XIV. 
In case (1) the "remnant-oxygen" characteristics of G-4-1 are used in 
an operating temperature current density and neutral fraction are 
selected so as to yield a minimum electrode life of 15,000 hours. In 
order to achieve this, an operating tezperature of 1600'K is required 
and a current density of not more than .01 amps/cm . 2 
In case (2)  the engine data of G-4-3 is used where the corrected 
2 neutral fraction is less than 1% f! .015 A/cm . Thus the same (or greater) 
electrode life is obtained (compared with G-4-1) at 50% higher current 
density. 
lower heating requirement is necessary. This data basically represents 
present engine data. 
Because of the lower operating temperature requirements an even 
In case (3) we assume the low neutral fraction and operating 
temperature of the button measurements for 3244 material. 
Table XIV is dramatic evidence of the improvements in emitter 
efficiency resulting from: (l),elimination of the remnant-oxygen effect; 
(2), reduction of neutral fraction by improving the surface micro- 
structure by either the sputtering or elkctropolishing the surface; and 
(3) the improved emissivity associated with the electropolishing 
operation. 
Case (2)  shows a doubling of electrical efficiency over that of 
case (1). 
ination. 
istics of G-4 material. Case (3) shows the additional efficiency 
improvement obtainable if the low neutrals and operating temperatures 
of the button data can be duplicated by a large emitter such as 6-7-3. 
Note that the electrical efficiency has increased from 67 to 80.6% and 
the electrode life has also increased by almost 15%. 
This is due to the elimination of the remnant-oxygen contam- 
In both cases we have used engine data for a vs T character- 
8.4 DURABILITY VERSUS EFFICIENCY FOR VARIOUS SELECTED IONIZER MATERIALS 
In order to estimate the present state of the art of contact ion 
engines we have calculated the ev/ion requirement for several of the better 
materials which have been tested in the past two years. The present 
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TABLE XIV 
PRESENT EFFICIENCY AND ESTIMATED ELECTRODE LIFE 
FOR THE TRW-SYSTEMS 
CONTACT I O N  ENGINE 
Emitter No.: 6-4-1 G-4-3 
I o n i z e r  Temperature 1600OK 1450 OK(') 
Heater Requirement 3 5 0 ' ~ )  119 w a t t s  (4) 
Beam Current  
Grid Drain 
vO 
V 
g 
115 230 MA 
2 3MA 
1200v 1200v 
160V 160V 
Power Inventory  
Beam 186 
I o n i z e r  Heater 350 
Drain Pouer 
N e u t r a l i z e r  
( i nc lud ing  i n j  ec t i o n  
lOBse13) 
TOTAL 
Loss i n  E/V per  i o n  
E l e c t r i c a l  E f f i c i ency(%)  
Thrus t  ( l b )  
P/T (Kw/lb t h r u s t )  
I of beam .(seconds) 
150 (seconds) 
P/T mln. (KW/lb t h r u s t )  
Neu t ra l  f r a c t i o n  (2) 
SP 
2 
8 
546 
- 
2320 
34 
2.02 
270kw 
4260 
5940 
255 
(1) 3.0% 
276 
119 
4 
12 
411  
- 
586 
67 
3 
13 7 
4260 
3040 seconds 
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(2) 1.0 
6-7-3 
1 4 2 5 O ~ ( ~ )  
( 4 )  110 watts 
306 MA 
3MA 
l800V 
200v 
549 
110 
6 
16 
681 
- 
431 
80.6 
4.8 
141.5 
5200 
2560 seconds 
110 
.3 (3) 
E lec t rode  L i f e  ' 15000 t o  45000hrs 15000 t o  45000hrs. 22-66,000hrs. 
Notes: (1) From engine  d a t a  of Figure (17) .  - Neut re l  f r a c t i o n  = 3 x measured 
value -- 
From dngine d a t a  of Figure (24) - Neutra l  f r a c t i o n  - 3 x measured 
value, 
Button d a t a  f o r  Hughes 324-S material ( s e e  F igu re  15) .  
"Present  h e a t i n g  requirement" F igure  56. 
(2) 
(3) 
(4) 
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e f f i c i e n c y  i s  used and opera t ing  temperatures are s e l e c t e d  w e l l  above 
c r i t i c a l  temperature.  
per  i o n  inc ludes  1% d r a i n  cu r ren t  allowance and 52 ev/ ion  f o r  a 
n e u t r a l i z e r  i n  a d d i t i o n  t o  t h e  hea t ing  requirement.  
The r e s u l t s  a r e  p l o t t e d  i n  Figure 57. The ev 
Neut ra l  f r a c t i o n  is p l o t t e d  as  a func t ion  of cu r ren t  d e n s i t y  i n  
F igure  57 f o r  t h e s e  m a t e r i a l s .  
l i f e  curves  of .5, 1 .0 ,  2.0, and 5.0 yea r s  when t h e  emitter has  ,000f" 
f l a t s  on t h e  f l u t e  peaks. '  
This f i g u r e  a l s o  shows minimum e l e c t r o d e  
Examination of t h e s e  curves shows t h a t  i f  opera t ing  c u r r e n t  
d e n s i t y  i s  se l ec t ed  so as t o  y i e l d  a one year  e l e c t r o d e  l i f e  then 
Astromet (1-10 ), G-1, G-4, E-4 and 324-S materials would have an ev/ 
ion requirement s u b s t a n t i a l l y  below 6OOev/ion. 
equiva len t  t o  t h e  present  e f f i c i ency  of t h e  cesium bombardment engine (14) . 
This  600 ev/ ion  f i g u r e  is  
The v a r i a t i o n  of engine e f f i c i ency  as a func t ion  of i o n  beam 
s p e c i f i c  impulse is  p l o t t e d  i n  Figure 58 
r ep resen t  present  and f u t u r e  technology. With a n i c k e l  g r i d ,  t h r u s t o r  
d u r a b i l i t y  would be s u f f i c i e n t  f o r  most missions even a t  t h i s  high l e v e l  
of c u r r e n t  d e n s i t y  - and e f f i c i ency .  
f o r  two cases bel ieved t o  : 
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IONIZATION EFFICIENCY 
1 ASTROMET 
1500 r 
2 G6 
3 E4 
4 G1 
5 324-5 (SPUTTERED) 
6 324-5 (POLISHED) 
7 G 4  In 
5 900- 
8 0 0 -  
Z 
2 700- 
3 
600- 
500 - 
400 - 
5 7.5 10 15 20 25 
LIFE VERSUS J 
6 
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I- 
5 2  
2 
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w n 
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0.8 
0.6 
I- 0.4 
Z 
3 
2 
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ION BEAM CURRENT DENSITY (MILLIAMPS/CM~) J -WCM~ 
Figure 57. Eff ic iency and e l e c t r o d e  l i f e  f o r  
the TRW Systems engine as a func t ion  
of cu r ren t  dens i ty  f o r  va r ious  emitter 
mater ia l s .  Ev/ion c a l c u l a t i o n s  assume 
t h e  present  hea t ing  e f f i c i e n c y ,  a 1% 
dra in  du r ren t ,  and 52 ev/ ion  f o r  neu- 
t r a l i z a t i o n .  L i f e  curves  assume 
w = .0001" and a n icke l  e l ec t rode .  
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Figure 58. Present and pro jec ted  e f f i c i ency  of 
the  TRW Systems contac t  ion  engine based 
on t h e  but ton  ion ize r  d a t a  f o r  Hughes 324-S 
material. E l e c t r  de l i f e  should be 1 t o  3 
years  a t  20 m a / c m  . 9 
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APPENDIX I. 
ELECTRODE LIFE CALCULATIONS FOR 
I O N  ENGINE OPERATION I N  ANY OF THE FOLLOWING MODES: 
ACCEL-DECEL, SPACE CHARGE LIMITED, ANTI EMISSION 
LIMITED 
1. INTRODUCTION 
The a c c e l e r a t o r  e l e c t r o d e  of an i o n  engine is  l i f e  l i m i t e d  by charge 
exchange e ros ion  even when t h e  focussing o p t i c s  are p e r f e c t  - i .e. t h e r e  is  
no d i r e c t  i n t e r c e p t i o n  of t h e  primary ion  beam. I n  f a c t ,  t h r u s t e r  d u r a b i l i t y  
i s  l a r g e l y  a func t ion  of t h i s  e lement 's  l i f e t i m e  i n  p re sen t  day ion  engines.* 
Given a choice of s c a l i n g  t h e  phys ica l  s i z e  of t h r u s t e r  up o r  down t o  
improve e l e c t r o d e  l i f e  one i n s t i n c t i v e l y  selects t h e  l a r g e r  s t r u c t u r e  as t h e  
more durable .  Su rp r i s ing ly ,  t h i s  is u s u a l l y  t h e  wrong choice.  I n  f a c t ,  t h e  
des ign  equat ions  developed i n  t h i s  Appendix show t h a t  increasing t h e  e l e c t r o d e  
s i z e  by a f a c t o r  of t h r e e  can lead  t o  a decrease  i n  e l e c t r o d e  l i f e  by a f a c t o r  
of e i g h t !  
Proper engine scale f o r  a p a r t i c u l a r  i on  engine mission is  a r e l a t i v e l y  
The most important  s imple  matter once t h e  ground r u l e s  have been e s t a b l i s h e d .  
r u l e  is: 
" M a x i m u m  e l e c t r o d e  l i f e  i s  achieved when t h e  t h r u s t e r  is operated 
Depending t o  some e x t e n t  upon i n  t h e  space-charge l imi ted  mode. 
t h e  choice  of e l e c t r o d e  material s h i f t i n g  t h e  s p e c i f i c  impulse down 
by us ing  accel-decel  o r  up by emission l i m i t e d  ope ra t ion  is u s u a l l y  
accompanied with a seve re  reduct ion  i n  e l e c t r o d e  l i f e . "  
While t h e  b a s i c  equat ions  developed i n  t h i s  Appendix s p e c i f i c a l l y  refer 
t o  t h e  contac t  engine they  can a l s o  b e  used f o r  e s t ima t ing  t h e  e l e c t r o d e  l i f e  
of t h e  bombardment type  engine.  Only t h e  r u l e s  regard ing  imperfect  o p t i c s  need 
a s l i g h t  modi f ica t ion .  
* U n t i l  r e c e n t l y  t h e  n e u t r a l i z e r  e l e c t r o n  sources  were comparably l i f e  
l imi t ed .  
Bridge Neutralizer"@.$) has  yielded e f f i c i e n t  n e u t r a l i z e r s  w i th  a much 
g r e a t e r  d u r a b i l i t y  po ten t i a l .  
However, E lec t ro-Opt ica l  Systems'development of a "Plasma 
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The present  state of t h e  art f o r  t h e  con tac t  engine is such t h a t  i n  
t h e  range of p r a c t i c a l  diode spacings (.5 nnn and up) contour  o p t i c s  can be 
genera ted  w i t h  s u f f i c i e n t  accuracy that a l l  ions  leav ing  t h e  emitter are 
d i r e c t e d  p a s t  t h e  a c c e l e r a t o r  e l ec t rode  system w i t h  ze ro  i n t e r c e p t i o n  wi th  t h e  
except ion  of those  leav ing  t h e  very t i p s  of t h e  contour f l u t e s  (where t h e  
o p t i c s  f a i l ) .  The p resen t ly  accepted method of minimizing e ros ion  from t h i s  
source  - a t  least i n  t h e  p a r a l l e l  s l i t  geometry - is t h a t  of having t h i s  
r eg ion  f a b r i c a t e d  from s o l i d  r a t h e r  t han  porous tungsten.  
on ly  ions  o r i g i n a t i n g  h e r e  are due t o  n e u t r a l  cesium r e f l e c t e d  back by t h e  
accel e l ec t rode .  
cool ing  t h e  t i p s  o r  doping them with low work func t ion  material have, so f a r ,  
Consequently t h e  
Attempts t o  e l imina te  i o n  emission from t h i s  r eg ion  by 
proved unsuccessful .  
I n  t h e  f i r s t  p o r t i o n  of t h i s  a n a l y s i s  (Sec t ion  2 through 9 )  w e  cal- 
c u l a t e  e l e c t r o d e  l i f e  relative t o  engine scale w i t h  t h e  smallest engine opera- 
t i n g  i n  t h e  space charge l imi t ed  simple diode mode and t h e  l a r g e r  modeks 
ope ra t ing  i n  t h e  accel-decel  mode (which is  necessary  t o  achieve t h e  same 
c u r r e n t  d e n s i t y  and beam I as the  small engine) .  
SP 
When t h e  e l e c t r o d e  l i f e  of a p a r t i c u l a r  engine is  def ined  i n  terms of 
i t s  o p e r a t i o n a l  s p e c i f i c  impulse (Sect ion 11) t h e  pena l ty  f o r  e i t h e r  accel- 
d e c e l  o r  emission l imi t ed  operat ion i s  accura t e ly  i d e n t i f i e d .  A t  t h e  same 
t i m e  it is obvious t h a t  t h e  l i f e  penal ty  f o r  t h e  l a r g e r  engine would be less 
seve re  i f  it were a l s o  operated emission l imi t ed .  
Since t h i s  r equ i r ed  a higher s p e c i f i c  impulse of t h e  don beam t h e  
f i n a l  s e c t i o n  (Sec t ion  12) b r i e f l y  reviews t h e  p e n a l t i e s  a s soc ia t ed  wi th  
ope ra t ing  a n  engine a t  o t h e r  than t h e  optimum I of t h e  mission. 
SP 
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2 .  THE SCALING MODEL 
Two engine modules are i l l u s t r a t e d  i n  F igure  59. The l a r g e r  u n i t  w i th  
a n  accel spacing x r e q u i r e s  an  acce l -dece l  r a t i o  D i n  o rde r  t o  achieve  t h e  
same ion  c u r r e n t  dens i ty  (and n e t  ion  v e l o c i t y )  as  t h e  smal le r  model which has  
a spacing x . Other dimensions a r e  assumed t o  scale i n  t h e  same propor t ion  
as t h e  spacing r a t i o ,  R ,  so t h a t  the ion  o p t i c s  are t h e  same f o r  e i t h e r  case. 
a 
0 
For space charge l i m i t e d  flow w e  have ( f o r  cesium) 
3 / 2  2 J = 4.7  x va /Xa 
3 / 2  2 = 4 .7  v lx0 
0 
From (1) we  o b t a i n  
D = Va/Vo = (xa/xo) 413 R 4 / 3  
The l o c a t i o n  of t h e  d e c e l  e l ec t rode  i s  def ined  as  x f u r t h e r  down- d 
stream from t h e  accel e lec t rode .  Since a l l  charge exchange ions  c rea t ed  i n  
t h i s  r e g i o n  cannot escape and hence w i l l  s t r i k e  t h e  accel e l e c t r o d e  xd w i l l  
a l s o  be minimized t o  y i e l d  space charge l i m i t e d  flow. Thus . 
vdlvo = (Va - Vo)/Vo = D - 1 
(3)  
= (D - = ( R 4 I 3  - 1)  3 / 4  Xd/Xo 
The p o t e n t i a l  d i s t r i b u t i o n s  f o r  t h e s e  two engines  are p l o t t e d  as a 
The dashed curve  r e p r e s e n t s  t h e  small engine f u n c t i o n  of x i n  Figure 60. 
where D = R = 1. 
from t h e  n e u t r a l i z e r  t o  stream back t o  t h e  emitter. 
minimal nega t ive  ( b i a s )  vo l t age  on the accel e l e c t r o d e  w i t h  r e s p e c t  t o  t h e  
I n  p r a c t i c e  such a p o t e n t i a l  d i s t r i b u t i o n  al lows e l e c t r o n s  
To prevent  t h i s  a 
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TWO 
ION ACCELERATOR CONFIGURATIONS 
FOR ION BEAM POTENTIAL 
xa I -  'd c 
\CASE 2 
R = l  
Figure 59. Engine models illustrating the 
scaling law. 
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POTENTIAL DISTRIBUTION 
V O  4/3 
VO 
- = D (D=R ) T \ I  
i 
CASE 1 CASE2 " - -  
V O  
Vd 1.52 Vo 0 
V, 2.52 Vo 
1 CASE 2 fR=ll 
Figure 60. Potential distribution in the accel 
and decel regions. 
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t h i s  must be 5 t o  10% of t h e  a c c e l  v o l t a g e  which corresponds t o  
< <  1.05 - D - 1.1 
n e u t r a l i z e r  (and s h i p )  p o t e n t i a l  is  requi red .  For t h e  TRW Systems i o n  o p t i c s  
can be used 
w i  
Experience has  shown t h a t  f a i r l y  high accel-decel  r a t i o s  
hout  t h e  requirement of a d e c e l  e l ec t rode .  The upper l i m i t  s reached 
when t h e  beam divergence becomes excessive o r  t h e  beam becomes uns t ab le  Eecause 
of n e u t r a l i z a t i o n  problems. Experimental d a t a  i n d i c a t e s  t h i s  l i m i t  t o  b e  
D i 3  max - 
For t h e  purposes of t h i s  a n a l y s i s ,  w e  w i l l  assume that when d e c e l  
e l e c t r o d e s  must be  added t o  increase  D beyond D 
occur w i l l  be an i n c r e a s e  i n  n e u t r a l  densi ty .*  
tend t o  confirm t h e  conclus ion  that t h e  p o t e n t i a l  d i s t r i b u t i o n  w i l l  be  e f f e c t i v e l y  
t h e  only change which w i l l  
maX 
Theore t i ca l  cons ide ra t ions  
t h e  same wi th  o r  without  a d e c e l  e l ec t rode .  
* Neutra l s  which would normally escape are i n t e r c e p t e d  hy t h e  d e c e l  
e l e c t r o d e  and r e f l e c t e d  back towards t h e  engine thus  r a i s i n g  t h e  
n e u t r a l  dens i ty .  
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3. ION ENERGY RELATIONSHIPS IN TERMS OF x 
The p r o b a b i l i t y  t h a t  a primary (beam) i o n  w i l l  t r a n s f e r  i t s  charge t o  
a n e u t r a l  atom a t  p o s i t i o n  x is  a func t ion  of t h e  primary i o n  energy, V ( x ) .  
The s p u t t e r i n g  damage which t h e  charge exchange i o n  can do i f  it strikes t h e  
b 
a c c e l  e l e c t r o d e  i s  a f u n c t i o n  of its energy at impact. 
I f  w e  d e f i n e  t h e  p o t e n t i a l  a t  x as Vx such t h a t  it obeys Chi ld’s  l a w  
( f o r  space  charge l i m i t e d  flow) 
where 
4 / 3  V = bx 
X 
b = cons tan t  f o r  a given c u r r e n t  d e n s i t y  
and i o n  mass 
( 4 )  
-9 2 / 3  = ( J / 4 . 7  x 1 0  ) f o r  cesium ions .  
As i l l u s t r a t e d  i n  F igure  6 0 ,  Vx i s  t h e  p o t e n t i a l  a t  x r e f e r r e d  t o  t h e  sou rce  
i n  t h e  accel r eg ion  and r e f e r r e d  t o  t h e  d e c e l  e l e c t r o d e  (or  s h i p )  p o t e n t i a l  
i n  t h e  d e c e l  region. 
e l e c t r o d e .  
I n  both cases x i n c r e a s e s  i n  t h e  d i r e c t i o n  of t h e  accel 
The primary i o n  energy a t  x is then 
V , < d  = vx - bx4I3 i n  t h e  accel r eg ion  
= b(x4I3 + x4I3) i n  t h e  d e c e l  :.- J. 
0 
= vo + vx 
reg ion  
The charge  exchange i o n  w i l l  have an  energy Vc(x) when it has been a c c e l e r a t e d  
i n t o  t h e  accel r eg ion  (or t h e  e l e c t r o d e  i t s e l f ) ,  where 
= b(xa 4 / 3  - x4I3) i n  t h e  accel r e g i o n  
b(xd ’ 4/3 - x ~ ’ ~ )  i n  t h e  d e c e l  reg ion .  
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4 .  CHARGE EXCHAN E EROSI' N 
The s p u t t e r i n g  damage - o r  mass e ros ion  rate - from i o n s  c rea t ed  i n  
t h e  r eg ion  between x and x + dx w i l l  be 
I 
d i  X = J (1 - Px) ux nx Sx dx/(e/m) (7) 
i n  grams per  second when 
And 
Px = p r o b a b i l i t y  t h a t  a charge exchange ion  
c rea ted  a t  x can be a c c e l e r a t e d  i n t o  t h e  
i o n  beam without  s t r i k i n g  t h e  a c c e l  e l e c t r o d e .  
ux = charge exchange c ross - sec t ion  f o r  primary 
n 
Sx = grams of e l e c t r o d e  material removed per  gram 
ion  energy measured i n  cm 2 . 
3 = n e u t r a l  d e n s i t y  at  x i n  atoms/cm . 
X 
of i n t e r c e p t i o n  ions.  
e / m  = charge t o  mass r a t i o  i n  coulombs per  gram 
= 722 for  cesium. 
I n t e g r a t i o n  of (7) over a l l  va lues  of x where P 
mine t h e  mass e ros ion  rate (and l i f e )  of t h e  a c c e l  e l ec t rode .  This  r e q u i r e s  
knowledge of t h e  va lues  of P, u, n and S as a func t ion  of x .  The escape pro- 
b a b i l i t y ,  Px, i s  high f o r  small va lues  of x i n  t h e  a c c e l  r eg ion  and d e c r e a s e s  
t o  z e r o  a t  approximately x = x . The escape p r o b a b i l i t y  i n  t h e  d e c e l  r e g i o n  
is zero. 
p a r a l l e l  s l i t  geometry can b e  used here .  
i s  less than  u n i t y  w i l l  d e t e r -  
X 
0 
Brewer's'' computer c a l c u l a t i o n s  of t h e  escape p r o b a b i l i t y  for H.R.L. 's 
The s p u t t e r i n g  y i e l d  v a r i e s  w i th  both i o n  energy and e l e c t r o d e  material. 
r? Published d a t a  f o r  copper 16917'18 are p l o t t e d  i n  F igure  61. 
t h e r e  i s  disagreement concerning the magnitude of t h e  s p u t t e r i n g  y i e l d  t h e  
s l o p e s  of t h e  curves  are approximately t h e  same up t o  t h e  e n e r g i e s  of about  
3 1 / 2  KV. 
can be  represented  reasonably a c c u r a t e l y  over  a wide energy range as a power 
f u n c t i o n  of vo l tage .  That is 
Note t h a t  wh i l e  
From t h e  dashed curve  i n  F igu re  61, we observe t h a t  s p u t t e r i n g  y i e l d  
= s o  sx 0 c 
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Figure 61. Sput te r ing  y i e l d  of copper as a 
func t ion  of i o n  energy. 
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The charge-exchange cross-sect ion d a t a  can a l s o  b e  expressed as a power 
f u n c t i o n  of v o l t a g e  as evidenced by t h e  publ ished d a t a  18’19 curves  of F igure  62. 
Thus we write 
The n e u t r a l  d e n s i t y  can b e  considered e s s e n t i a l l y  cons tan t  w i t h i n  e i t h e r  
t h e  accel r eg ion  o r  t h e  d e c e l  region. 
v a l u e  than  t h e  former (no) due t o  t h e  r e f l e c t i o n  f a c t o r . o f  t h e  accel e l ec t rode .  
The la t ter  (Ad) w i l l  b e  smaller i n  
Defining h as t h e  mass removal rate of t h e  e l e c t r o d e  due t o  charge 
as t h a t  due t o  charge ex- 
a 
exchange ions  formed i n  t h e  a c c e l  region,  and & 
change ions  from t h e  d e c e l  reg ion ,  w e  have from (7 ) ,  (8) and (9) 
d 
X 
& = jxa  d GX = ko a(l - Px) Vbp V> dx 
0 
a 
0 
and 
= d$ = kd p” V b p  Vcq dx 
0 0 
‘d 
where 
= J u no so/(e/m) 
kO 0 
and 
kd = ko(nd/no) 
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Figure 62. Charge exchange cross -sec t ion  as  
a func t ion  of ion  energy. 
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5. MASS REMOVAL RATE BY CHARGE EXCHANGE IONS FORMED I N  THE ACCEL REGION 
Equation (loa) can be evaluated by s u b s t i t u t i n g  t h e  appropr i a t e  
f u n c t i o n s  cif x f o r  Vb and Vc as def ined by Eq. (5) and (6) .  That is  , 
4/3 - b x4l3)4  dx 
a x i  = k :( l  - Px)(b x4j3)'(b x a 0 
0 
Subs t i t u t ionso f  y = x/x  i n t o  (13) and from t h e  d e f i n i t i o n s  of Eqs. a 
(2) and ( 4 ) ,  (13) y i e l d s  
where 
where P equa l s  Px f o r  each v a l u e  of y corresponding t o  x. 
Y 
Th i s  conversion y i e l d s  a n  i n t e g r a l  which i s  a d e f i n i t e  i n t e g r a l  and 
- no t  a f u n c t i o n  of x.  However, t he  escape p r o b a b i l i t y  i s  a func t ion  of d e c e l  
r a t i o  a t  any given va lue  of y .  Consequently Eq. (15) must be eva lua ted  as a 
func t ion  of accel r a t i o  before  the  r e l a t i v e  e ros ion  rate can b e  determined. 
Brewer's computer program f o r  c a l c u l a t i n g  t h e  escape p r o b a b i l i t y  f o r  
(11) 
charge exchange ions  i n  a Hughes Research Laboratory p a r a l l e l  s l i t  des ign  
y i e l d s  r e s u l t s  which are p l o t t e d  i n  t h e  normalized curves  of F igure  63. 
u s ing  t h e s e  v a l u e s  f o r  P 
By 
Eq. (15) can be  evaluated by numerical  i n t e g r a t i o n .  
Y 
I n  o rde r  t o  accomplish t h i s  we  f i r s t  p l o t  F(y)  as a f u n c t i o n  of y where 
Eq. (16) is  p l o t t e d  as a func t ion  of y f o r  t h e  case of p = -.125 and 
q = +.825 i n  Figure 64. 
c a l c u l a t e d  f o r  va r ious  va lues  of D. 
From these  two graphs (F igures  63 and 64) Jia can be  
The r e s u l t s  are p l o t t e d  i n  F igure  6 5 .  
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Figure  65 i l l u s t r a t e s  two important f a c t s :  (1) t h e  e ros ion  rate due 
t o  charge exchange i o n s  formed i n  t h e  accel r eg ion  inc reases  by almost a 
f a c t o r  of 2 as t h e  acce l -dece l  r a t i o ,  D,  is increased;  and (2) t h e  r e l a t i v e l y  
low v a l u e  of $a f o r  a l l  v a l u e s  of  D i n d i c a t e s  a s i g n i f i c a n t  reduct ion  i n  
e r o s i o n  rate because of t h e  f i n i t e  escape p r o b a b i l i t y .  
va lues  of y i n  Eq. (15) ,  t h e  va lue  of $a would be .79* which i s  3 t o  5 times 
h igher  than t h e  va lues  of F igure  65. 
I f  P were zero f o r  a l l  
Y 
Such a r e s u l t  could also be a n t i c i p a t e d  from a pure ly  q u a l i t a t i v e  argu- 
ment. Because t h e  charge exchange cross -sec t ion  decreases  wi th  i o n  energy t h e  
g r e a t e s t  d e n s i t y  of cesium i o n s  w i l l  occur i n  t h e  nea r  v i c i n i t y  of t h e  i o n i z e r  
(small v a l u e s  of x o r  y) . 
t h e i r  h igh  f i n a l  v e l o c i t y .  
t h e  beam forming o p t i c s  and hence have a h igh  escape p r o b a b i l i t y .  
These ions w i l l  a l s o  do t h e  most damage because of 
For tuna te ly ,  t hey  are formed i n  a reg ion  c l o s e  t o  
* I n  t h i s  case (15) can be  evaluated exac t ly .  It can b e  shown t h a t  
JIa ( P r . =  0) = 3/4 r (N) I' (M) / r (M + N) 
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6 .  MASS REMOVAL RATES DUE TO CHARGE EXCHANGE IONS FORMED I N  THE DECEL REGION 
Mass e ros ion  rates due t o  charge exchange i o n s  formed i n  t h e  d e c e l  
r eg ion  can be ca l cu la t ed  by eva lua t ion  of Eq. ( lob) .  
S u b s t i t u t i n g  t h e  appropr ia te  va lues  of vb and Vc [from Eqs. ( 5 )  and ( 6 ) ]  
i n t o  ( lob)  y i e l d s  
= (bxd 4/3)p+q* ,kd 0 p[ (X0/Xd)4/3 + (x/x,) 4/3]p [1 - ( x / x ~ ) ~ / ~ ] ~ o ' ~ -  
From t h e  d e f i n i t i o n s  of Eqs. (3 )  and ( 4 )  Eq. (17) can be w r i t t e n  
(18) lid = Vd p+9 kd 1 Xd [l/(D-1) + ( ~ / x , ) ~ / ~ ] p [ l  - (x/xd) 4/3]q . dx 
o r  
By t r a n s f o r m i n g b  z = x/xd and a f t e r  convert ing from Vd and x 
and x [by means of (2) and ( 3 ) ]  Eq. (18) becomes: 
terms t o  Vo d 
a 
where 
1 
= 1 [l + (D-1) z4/3]p [l - z4/3]q dz (20) 
0 
'd 
Eq. (20) has been computed f o r  t h e  case of p = -.125 and q = . 8 2 5 .  
The r e s u l t s  are p l o t t e d  i n  F igure  66. 
t o  accel r a t i o ,  bu t  gene ra l ly  decreases  a s  D i nc reases .  
Note t h a t  JI, is  r e l a t i v e l y  i n s e n s i t i v e  
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7 .  EROSION DUE TO IMPERFECT OPTICS 
For t h e  model f o r  d i r e c t  impingement i t  w i l l  be  assumed t h e r e  i s  a 
r eg ion  of area w which produces ion emission t h a t  i s  no t  focussed by t h e  
o p t i c a l  system and hence l e a d s  t o  d i r e c t  e ros ion  of t h e  a c c e l  e l e c t r o d e .  
As an exazple  w might be  thought of as a small equ iva len t  f l a t  area along 
t h e  r i d g e  of a focussing e lec t rode .  
because of l i m i t a t i o n s  on f a b r i c a t i o n  to l e rances  and t h a t  t h e  magnitude 
of w i s  independent of engine sca l ing .  
t h e  system are reduced t h e  r e l a t i v e  importance of w inc reases  u n t i l  
even tua l ly  i t  dominates the  e l ec t rode  geometry. C l e a r l y  t h i s  sets a 
lower l i m i t  t o  t h e  usable  a c c e l e r a t o r  d i s t ance .  
i s  t h i s  lower l i m i t ?  The procedure aga in  i s  t o  f i n d  t h e  s c a l i n g  l a w  
f o r  r i d g e  e ros ion  so t h a t  t h i s  process  can be included i n  t h e  model. 
Only two f a c t o r s  need be  considered; t h e  f r a c t i o n  of t h e  t o t a l  area 
mpresented by w as x 
V i s  changed. 
w bu t  w i l l  i nc rease  t h e  s p u t t e r i n g  y i e l d  due t o  t h e  h igher  V 
t o  main ta in  t h e  cu r ren t  d e n s i t y  constant .  
It i s  assumed t h a t  t h i s  area ex is t s  
As t h e  scale of o the r  p a r t s  of 
The ques t ion  is what 
i s  changed and t h e  change i n  s p u t t e r i n g  y i e l d  as a 
Increas ing  scale w i l l  reduce t h e  re la t ive importance of a 
requi red  a 
It w i l l  be  assumed t h a t  w i s  nonporous s o  t h a t  p rope l l en t  feed  
t o  i t  occurs  only because of t h e  backsca t t e r ing  of n e u t r a l  atoms from 
t h e  e l ec t rode .  
impingement such as g r i d  alignment t o l e r a n c e s  o r  imperfec t ions  i n  shaping 
t h e  i o n  o p t i c a l  s u r f a c e s  l ead  t o  similar s c a l i n g  r e l a t i o n s h i p s  bu t  d i f f e r e n t  
dependences on n e u t r a l  emission.)  
e l e c t r o d e  backsca t t e r ing  f a c t o r  G and t h e  n e u t r a l  c u r r e n t  ccJ/(q/m>. 
mde l  i s  i l l u s t r a t e d  i n  F igure  67. 
(Other models f o r  nonsca lab le  e f f e c t s  lead ing  t o  d i r e c t  
The feed rate w i l l  be  dependent on t h e  
This  
The f r a c t i o n  of t h e  backsca t te r ing  n e u t r a l s  t h a t  s t r i k e  w and 
hence s t r i k e  t h e  e l e c t r o d e s  is w/x, where x i s  t h e  spacing between 
ad jacen t  r i d g e s  and i s  assumed p ropor t iona l  t o  t h e  accel d i s t a n c e .  
Hence, t h e  e ros ion  rate w i l l  be  
m *  JaG SoVaq - W 
X a ( e / d  
S 
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- - -  - __ 5. ---_ 
X 
Q 
Figure  67. Imperfect o p t i c s  as a source of 
e l ec t rode  e ros ion  (model). 
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A s  w i l l  b e  apparent in the  next section i t  is  convenient to  write E q .  (21) 
as follows: 
where k =  
S 
JaG 'Sow 
2 
(e/m> xo 
E q .  (22) follows from the relationships between V x and D a s  defined i n  
a' a 
E q .  (2 ) .  
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8. KELATLVE ELEC-i'RODE LIFE AS A FUNCTION OF ACCEL RATIO 
. Eqs. (14) , (19) and (22) r ep resen t  en t o t o ,  t h e  mass e ros ion  rate of 
t h e  a c c e l  e l e c t r o d e  due t o  both charge exchange i o n s  and d i r e c t  impingement. 
I n  o rde r  t o  compare t h e  e l ec t rode  l i v e s  a s s o c i a t e d  wi th  engines  having va r ious  
acce l -dece l  ra t ios  w e  make t h e  assumption t h a t  f a i l u r e  is represented  by a 
f i x e d ' f r a c t i o n  of t h e  o r i g i n a l  e l ec t rode  mass being eroded away. 
on ly  be i n  e r r o r  i f  t h e  d i s t r i b u t i o n  of impinging i o n s  over  t h e  e l e c t r o d e  
s u r f a c e  va r i ed  d r a s t i c a l l y  wi th  D. 
Th is  would 
Such i s  not  t h e  case, however. 
L e t  t h e  mass per u n i t  a r e a  which can b e  eroded be represented  by M. 
According t o  our s c a l i n g  model M w i l l  i n c r e a s e  i n  propor t ion  wi th  xa, or  
M = a x  a (24) 
where 
a = cons tan t .  
E lec t rode  l i f e ,  La, w i l l  then be  
La = M/[ia + id + is] 
S u b s t i t u t i n g  (141, (19), (22) and (24) into Eq. (25) y i e l d s  
f o r  t h e  gene ra l  case.  
does  not  r e q u i r e  acce l -dece l  (i.e. D = 1) we have from Eq. (26) 
Defining Lo as t h e  e l e c t r o d e  l i f e  f o r  t h e  engine which 
L = a x /xo [ko q0 VOp+' + ks Vo q 1 
= a xo/ko Vo P+q JIoxo(l +: f )  
0 0 
15 2 
where 
J Io  = value of JI, f o r  D = 1, and 
kS Vo-p 
f =  
ko $0 
The r e l a t i v e  e l e c t r o d e  l i f e  of t h e  two engines  i s  equal  t o  t h e  r a t i o  
La/Lo. From (26) and (27)  
Eq. (29) can b e  rewritten i n  terms of spacing r a t i o  R [by means of 
Eq. (2 ) ] .  If w e  make t h i s  s u b s t i t u t i o n  and r e f e r  t h e  l i f e  L t o  t h a t  of t h e  
d iode  wi th  p e r f e c t  o p t i c s  (f = 0) w e  have 
a 
This  is  t h e  express ion  f o r  t h e  l i f e  of a n  accel-decel  system with  spacing 
r a t i o  R compared t o  that of t h e  equivalent  simple diode.  
ponents  f o r  t h e  charge exchange cross-sect ion and s p u t t e r i n g  y i e l d  func t ions  
r e s p e c t i v e l y  . 
0 
p and q are t h e  ex- 
The terms i n  t h e  denominator from l e f t  t o  r i g h t  r e s p e c t i v e l y  r e p r e s e n t  
t h e  charge exchange i n  t h e  a c c e l  region,  t h e  charge exchange i n  t h e  d e c e l  r e g i o n  
and d i r e c t  impingement e ros ion .  Each t e r m  has  been normalized by t h e  e l e c t r o d e  
mass so t h a t  they  show e l e c t r o d e  d u r a b i l i t y  r a t h e r  than a b s o l u t e  e ros ion  rates. 
Only J, and JId va ry  w i t h  t h e  spacing r a t i o  R. a 
of Eq. (30) are cons t an t s  and independent of engine  scale. 
All o t h e r  terms on t h e  r i g h t  s i d e  
Both charge exchange eros ion '  terms increase w i t h  engine scale whi le  the 
d i r e c t  impingement term decreases .  Because J,, and J, are func t ions  of R a d 
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a quantitat ive analysis  is required t o  determine the upper l i m i t  of the factor f before d irect  impingement becomes the dominant source of electrode erosion. 
This i s  done i n  the following section. 
a 
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9. QUANTITATIVE EVALUATION OF THE SCALING FACTOR 
A p l o t  of re la t ive l i f e  i s  a func t ion  of engine scale (R) r e q u i r e s  
knowledge of t h e  va r ious  cons tan ts  of Eq. (30). 
which have been used i n  t h e  example c a l c u l a t i o n s  i n  t h e  prev ious  s e c t i o n s  - 
namely - .i25 and + .a25 r e spec t ive ly  are considered t o  b e s t  r ep resen t  
t h e  publ ished d a t a  for t h e  case of a copper e l e c t r o d e  and cesium ions .  
Thus w e  w i l l  employ t h e  va lues  of j~ a 
66 r e spec t ive ly .  
The va lues  of p and q 
and $d p l o t t e d  i n  F igures  65 and 
The r a t i o  of n e u t r a l  d e n s i t i e s  n /n  is ca l cu la t ed  assuming a 
r e f l e c t i o n  f a c t o r  of G from t h e  acce l  e l e c t r o d e  and G'from t h e  dece l  
e l e c t r o d e  (when the  l a t t e r  is used) .  
d o  
Without a deca l  e l e c t r o d e  : 
,1765 f o r  G = .7 "d 1 - G  n l + G  
- = -  = 
0 
This  va lue  of G corresponds t o  t h e  r e f l e c t i o n  f a c t o r  f o r  t h e  TRW 
Systems engine design.  
With a d e c e l  e l e c t r o d e :  
( 1  + G I  t GG'  + G G ' ~  +nd 1 - G  n l + G  L=- 
0 
= .343 f o r  G = .7  and G '  = .4 1 - G  1 + G e 1 .- GG'  =-  
The va lue  of .4 f o r  G would be  obta ined  wi th  a dece l  e l e c t r o d e  
composed of .31X diam. w i r e s .  a 
The .343 va lue  i s  probably s l i g h t l y  low because of t h e  lower ope ra t ing  
temperature  of t h e  dece l  e lectrode.* Fur the r ,  t h e r e  w i l l  be  a small rise i n  
n e u t r a l  d e n s i t y  i n  t h e  a c c e l  region because of r e f l e c t i o n  from t h e  d e c e l  
e l ec t rode .  These c o r r e c t i o n s  are s m a l l  and hence w i l l  be  neglec ted .  
* lowering t h e  v e l o c i t y  of r e f l e c t e d  i o n s ,  hence inc reas ing  
t h e  n e u t r a l  dens i ty .  
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S u b s t i t u t i n g  t h e s e  values i n t o  Eq. 30 l e a d s  t o  t h r u s t o r  l i f e  curves  
as shown i n  F igure  68, The absc i s sa  i s  sca l ed  i n  terms of e i t h e r  accel- 
d e c e l  r a t i o  D on t h e  spacing ratio R. The o r d i n a t e  is  t h e  e l e c t r o d e  l i f e  
r e l a t i v e  t o  t h a t  of t h e  equivalent  d iode  wi th  no d i r e c t  impingement (same 
c u r r e n t  d e n s i t y  and net i o n  p o t e n t i a l ) .  
l i f e  due t o  inc reas ing  charge exchange i n  t h e  accel reg ion  as t h e  spacing 
r a t i o  R i s  increased.  I n  s p i t e  of t h e  increased  e l e c t r o d e  mass i t  is  
seen  t h a t  i nc reas ing  R from 1 t o  3 decreases  l i f e  by more than  a f a c t o r  
of f i v e  from t h i s  e f f e c t  a lone.  
exchange e ros ion  wi th  t h e  abrupt  decrease a t  D=3 being caused by t h e  
Curve 2 shows t h e  decrease  i n  
Curve a shows t h e  t o t a l  e f f e c t  of charge 
a d d i t i o n  of a dece l  e l ec t rode .  
decrease  t h e  l i f e  a t  D-3 t o  13% of t h a t  of t h e  p e r f e c t  diode.  
2, a and e show t h e  a d d i t i o n a l  e f f e c t s  of d i r e c t  impingement f o r  f = 1 
corresponds t o  equal  e ros ion  from charge exchange and d i r e c t  impingement 
i n  t h e  d iode  conf igu ra t ion  I t  i s  apparent  t h a t  even i n  t h i s  s eve re  
cond i t ion  t h e r e  i s  no l i f e  advantage t o  be  gained by going t o  accel-decel  
systems t o  increase t h e  dimensions because t h e  r educ t ion  i n  d i r e c t  i m -  
pingement i s  more than o f f s e t  by increased charge exchange. Examination 
of t h e  curves shows t h a t  t h e  charge exchange i n  t h e  dece l  reg ion  a lone  
o f f s e t s  t h e  reduct ion  i n  d i r e c t  impingement l eav ing  t h e  increased  charge 
exchange i n  t h e  a c c e l  reg ion  uncompensated. 
The combined e f f e c t s  of charge exchange 
Curves 
e 
Fur the r  c a l c u l a t i o n  shows t h a t  t h e r e  i s  no l i f e  advantage i n  
s c a l i n g  up t h e  engine s i z e  i f  t h e  f a c t o r  f is  less t han  4.25 .  What t h i s  
means i n  terms of machining to l e rance  f o r  t h e  TRW Systems engine i s  ca l -  
cu la t ed  i n  t h e  next  s ec t ion .  
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Figure 68. R e l a t i v e  e l ec t rode  l i f e  as a func t ion  
of accel-decel  r a t i o  f o r  p e r f e c t  and 
imperfect o p t i c s .  
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10. RELATIONSHIP BETWEEN THE MACHING TOLERANCES IWD EROSION DUE TO IMPERFECT OPTICS 
Evaluation of f by means of (ll), (23), (28) and Figure 65 yields 
v -p 
0 
k 
f -  8 -  
0 $0 
2 ( .125) . vo J ci G So W/xo - 
.15 uo no so 
For emitter temperature around 1500'K neutral density in the accel region is 
(31) 3 n 2, 5 x c i ~  (1 + G) atoms/cm 
0 -  
From curve 2 of Figure 58 the charge exchange cross-section at 1 volt is 
(32) 2 = 7.11 10-l~ cm 
0 
This-curve also yields the value of p - -.125 used in the calculations for 
charge exchange erosion. 
(*125) ranges from 2.4 to 2.7 for the voltages between 
vO 
1000 and 3000 volts. A nominal value of 2.6 (exact at V = 2000V) is selected. 
0 
Substituting these values in the above expression we have (for G = .7) 
w/xo2 J . .7  x 2.6 
x 4 x 1014 x 1.7 x .15 
f =  
7.11 x 
= .2  w/xo J 
2 (33) 
2 where w and x are in cm, J is ion beam density in amperes per cm . Equation 
(33) was used to generate the table listed below for the TRW-Systems 1 mm 
diode (xo = .1 cm) engine. 
0 
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TABLE I 
f as a func t ion  of w and J 
[ xo = .1 cm] 
f 
2 W inches  @ J = .01 @ J - .02 @ J = .04 amp/cm 
.oooz 
.0004 
.0006 
.0008 
1.0 .5 
2.0 1 .0  
3.0 
4.0 
1.5 
2.0 
.25 .. 
.5 :. 
.75 .' .: 
1.0 < 
The present  f a b r i c a t i o n  technology a s soc ia t ed  wi th  t h i s  des ign  y i e l d s  
a n  equ iva len t  f l a t  on t h e  contour f l u t e  r i d g e s  of between .0005 and .001 
inches.  This  is due t o  t h e  rounded edges caused by t h e  f i n a l  e l e c t r o p o l i s h i n g  
of t h e  machined contour .  Obviously f u r t h e r  lowering of f can b e  accomplished 
by a f i n a l  honing of t h e  f l u t e  r idges .  
s tate of t h e  art machining to l e rances  y i e l d  va lues  of f ( a t  pracf icd1, :curreht  
d e n s i t i e s )  well below 4.25. 
r a t h e r  t han  i n c r e a s e  i f  t h e  diode spacing is '  increased.  
However, i t  is apparant  t h a t  p re sen t  
Consequently e l e c t r o d e  l i f e  would decrease  
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11. ELECTRODE LIFE AS A FUNCTION OF I 
SP 
General ly  speaking a mission r e q u i r e s  engine  ope ra t ion  a t  a g iven  I 
SP 
t o  o b t a i n  m a x i m u m  rocke t  e f f i c i ency .  
mine t h e  e l e c t r o d e  l i f e  requirement and hence t h e  maximum ope ra t ing  c u r r e n t  
d e n s i t y  of t h e  i o n  beam. 
The d u r a t i o n  of t h e  mission w i l l  de t e r -  
I f  t h e  d iode  spacing is  n o t  ad jus t ed  co conform wi th  t h e  mission,  bo th  
e l e c t r o d e  l i f e  o r  rocke t  e f f i c i ency  w i l l  be penal ized.  
demonstrated i n  t h e  fol lowing ca l cu la t ion .  
This  is f o r c e f u l l y  
The mass e ros ion  rates def ined by Eqs. (14),  (19) and (22) are 
w r i t t e n  t o  compare engines  with d i f f e r e n t  diode spacings a l l  having t h e  same 
n e t  ou tpu t  beam p o t e n t i a l .  
a d iode  spacing x 
a c c e l e r a t i n g  vo l t age  V . 
l i m i t e d  and no accel-decel  i s  required.  
hand, accel-decel  is  requi red  t o  achieve t h e  d e s i r e d  c u r r e n t  dens i ty .  
These can b e  rev ised  f o r  a p a r t i c u l a r  engine having 
which w i l l  f unc t ion  as  a space  charge l imi t ed  d iode  a t  an 
t h e  ope ra t ion  w i l l  be  emission 
P' 
A t  vo l t ages  above V 
P P 
A t  vo l t ages  below V on t h e  o t h e r  
P' 
I n  t h e  la t ter  case, t h e  engine i s  opera ted  w i t h  
v = v  
a P  
= v  - v  'd p o 
and t h e  accel-decel  r a t i o  .is 
I n  terms of V Eqs. (14) ,  (19) and (22)  become 
P 
h = k o $  x V P+(l 
a a P P  
and 
I" = k s V  q x 
S P P  
(34) 
16 0 
If t h e  a l lowable  mass which can be eroded (per cm2 of p ro jec t ed  beam) is  M 
t h e  e l e c t r o d e  l i f e  L w i l l  be [ by Eqs. (25),  (34) ,  (35), and (36)]  
a 
(37 1 L =  M ] 
p - + f + -  - k V p+q* $o x 
(p+q+3/4 O P  
where f i s  def ined  by Eq. (28) ,  and J, i s  t h e  va lue  of $ f o r  D = 1. 
0 a 
Eq. (37) a p p l i e s  t o  t h e  accel-decel  s i t u a t i o n  only  - i .e. V < V . I f  
O P  
t h e  engine i s  opera ted  above t h e  perveance l i m i t  ( f o r  t h e  emission l i m i t e d  case) 
t h e r e  i s  a s l i g h t  r educ t ion  i n  t h e  va lue  of $a due t o  a more l i n e a r  p o t e n t i a l  
d i s t r i b u t i o n  i n  t h e  accel region.  
completely masked by t h e  r i s i n g  s p u t t e r i n g  y i e l d  due t o  t h e  increased  vo l t age  
however. 
Th i s  modest i nc rease  i n  relative l i f e  is 
Neglecting t h e  small co r rec t ion  f o r  ope ra t ion  above V y i e l d s  an  
P 
e l e c t r o d e  l i f e  
M L =  
k 0 0  V P *  $0 "p (1  + f )  
R e l a t i v e  l i f e ,  r e f e r r e d  t o  t h a t  when t h e  engine is operated as a diode 
( a t  V ) can be w r i t t e n  i n  terms of t h e  I 
Io = 1 2 3 K ( f o r  a cesium engine) .  
of t h e  exhaust beam (I ) where 
P SP 0 
and 
From Eq. (37) and (38) w e  ob ta in  
(39) 
L 
L 
P 
f o r  Io < I 
P 
/ ( l+ f )  f o r  I > I 
O P  
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where L 
a t  V and I = 123 \Ip. That is  
= e l e c t r o d e  l i f e  f o r  an engine wi th  p e r f e c t  o p t i c s  ( f  = 0) operated 
P 
P P 
L = M/ko $o xp Vp P+9 
P 
Equation (39) is used t o  c a l c u l a t e  four  cases. The same va lues  of 
t h e  cons t an t s  p,  q and k /k used i n  t h e  previous example are employed. Values 
of 
d o  
and Qd are those  p l o t t e d  i n  F igures  65 and 66. 
The fou r  cases are: 
1 )  x p = x  f = O  
0’ 
f = .25 
0’  
3) xp = 2 x 
4) x = 3 X0’ f = .ll 
P 
The r e s u l t s  are p l o t t e d  i n  Figure 69 where r e l a t i v e  l i f e  i s  p l o t t e d  as 
a func t ion  of I normalized t o  the  va lue  of I f o r  x = x . Cases 2 ) ,  3) and 
4) r ep resen t  t h r e e  emitters wi th  equal machining t o l e r a n c e s  and diode spacings 
of say  .l, .2 and .3  cm r e spec t ive ly .  The r e l a t i v e  va lues  of I f o r  va r ious  
v a l u e s  of x are 
SP P P O  
P 
P 
The conclusions t o  be drawn from t h e  curves of F igure  69 are t h e  
following: 
1) Maximum l i f e  f o r  any engine w i l l  be  obta ined  by ope ra t ing  i t  as a 
space charge l imi t ed  diode. The l i f e  decreases  r a p i d l y  a t  s p e c i f i c  
impulses above or  below t h i s  optimum. 
2) The l a r g e r  engines  s t i l l  show less e l e c t r o d e  l i f e  ( i n  t h i s  p a r t i c u l a r  
example) even when operated a t  t h e i r  optimum I . Scal ing  up t h e  
engine would n o t  y i e l d  improved l i f e  i f  t h e  vafge  of f f o r  t h e  
smallest engine is less than  1.1. 
higher  than t h e  break-even va lue  of f i n  t h e  previous case (equal  
I ope ra t ion ) .  
This  i s  almost a f a c t o r  of four  
SP 
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Figure 69. Rela t ive  e l ec t rode  l i f e  as a func t ion  
of t h e  beam I (normalized) f o r  four  
engine designs.  SP 
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1 2 .  THE WEIGHT PENALTY ASSOCIATED WITH OFF-OPTIMUM EXHAUST BEAM VELOCITY 
I n  appendix I of r e f e r e n c e  (3) t h e  rocke t  e f f i c i e n c y  i s  c a l c u l a t e d  as 
8 
a f u n c t i o n  of engine I f o r  var ious  missions.  The concluding remarks 
inc lude  t h e  fol lowing s ta tement:  "Operating a given t h r u s t o r  a t  a s p e c i f i c  
impulse h igher  than  t h e  mission I 
SP 
ing  miss ion  performance". 
SP 
is a notab ly  i n e f f e c t i v e  way of improv- 
These remarks were pr imar i ly  d i r e c t e d  toward prime propuls ion  missions.  
where t h e  v e l o c i t y  increment of t he  rocke t  i s  q u i t e  l a r g e .  
are now more s t a t i o n  keeping missions f o r  e lectr ic  t h r u s t o r s  than prime 
propuls ion  a somewhat broader eva lua t ion  is requi red .  
pproximations are use fu l :  
Because t h e r e  
The fol lowing 
(1) I f  t h e  weight of t h e  t h r u s t o r  system i s  s p e c i f i e d  then t h e  
v e l o c i t y  increment Av gained by a t h r u s t o r  opera t ing  a t  a s p e c i f i c  impulse,  
I ,  compared wi th  t h a t  obtained from an engine operated a t  t h e  mission s p e c i f i c  
impulse , Im, is approximately * ** 
- 3 i  Av % 2 
Avm ( I D m  + I m / I )  
(2) I f ,  however, t h e  Av requirement is  f ixed  t h e  r e l a t i v e  t h r u s t o r  
system weights  is  approximately by t h e  express ion  
r - M = ( I / I m  + Im/ I )  /2 M m 
The power func t ion ,  r ,  v a r i e s  w i th  t h e  Av requirement.  For small 
Av's and/or  s ta t ion-keeping  a p p l i c a t i o n s  i t s  va lue  is very  nea r ly  u n i t y .  
I n  t h i s  case t h e  weight pena l ty  is only 25% when I = 22 , .  
* Optimum mission I is  def ined i n  chapter  4 of r e f e r e n c e  (20) 
SP ** Assuming both  t h r u s t o r s  have t h e  same e lec t r ica l  e f f i c i e n c y  
and p r o p e l l e n t  u t i l i z a t i o n  a t  any g iven  I . 
SP 
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For prime propuls ion missions t h e  magnitude of r inc reases  r a p i d l y  
w i t h  t h e  Av requirement.  For example, when 
Av = vc/2 
* 
is  requ i r ed  (where v is  t h e  c h a r a c t e r i s t i c  v e l o c i t y  
t h e  va lue  of r i s  about 2.7. 
r a t i o  of opera t ing  t o  mission I 
of t h e  power p l a n t )  c 
I n  t h i s  case t h e  weight pena l ty  f o r  a 2 / 1  
is  590%! 
SP 
Returning t o  t h e  t h r e e  engine des igns  of F igure  69 l e t  us  c a l c u l a t e  
e l e c t r o d e  and weight p e n a l t i e s  r e l a t i v e  t o  t h e  lmm engine f o r  a prime 
propuls ion  mission r equ i r ing  t h i s  amount of Av. 
t abu la t ed  below uses  a f i c t i t i o u s  va lue  f o r  e l e c t r o d e  l i f e  and t h r u s t  
gstem weight,  f o r  t h e  lmm t h r u s t o r  assuming, i n  a d d i t i o n  t h a t  I = Im P 
f o r  t h i s  t h r u s t o r .  
The r e s u l t s  which are 
PRIME PROPULSION MISSION 
mission t i m e :  1 year  
= 5000 seconds I m  
Av/v requirement:  0.5 
C 
Case No. 1 Operat ion of each t h r u s t o r  a t  I = 5000 sec. m 
ENGINE D I O D E  SPACING ELECTRODE THRUSTOR 
LIFE SYSTEM WEIGHT 
1 .1 cm 2 yea r s  1000 l b s  
2 " 2  cm .86 yea r s  1000 l b s  
3 . 3  cm ,46 years 1000 l b s  
Case No. 2 Operation of each t h r u s t o r  a t  i t s  optimum I ( f o r  e l e c t r o d e  l i f e )  
SP 
ENGINE ELECTRODE THRUSTOR SYSTEM 
(SECONDS) LIFE WEIGHT 
ISP 
ENGINE 
1 5000 2 yea r s  1000 l b s  
2 7900 1 ,66  1310 l b s  
3 10,400 1.27 7200 l b s  
* C h a r a c t e r i s t i c  v e l o c i t y ,  f i r s t  def ined  by I rv ing  (21) can be  expressed 
by t h e  r e l a t i o n  
where T = mission t i m e  and 5 = s p e c i f i c  weight of t h e  power p l a n t  
v C =q-zz 
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I n  t h e  f i r s t  case t h e  l a r g e  scale engines  cannot meet t h e  e l e c t r o d e  
l i f e  requirement of t h e  mission. By ope ra t ing  each t h r u s t e r  i n  t h e  space 
charge  l i m i t e d  mode a l l  meet t h e  e l ec t rode  l i f e  requirement,  however, t h e  
2 mm engine package now weighs 31% g r e a t e r  and t h e  3 m engine 620% g r e a t e r  
than  t h e  i mm engine. 
i nc reas ing  t h e  e l e c t r o d e  l i f e .  
This  would not l i k e l y  be an  accep tab le  method of 
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13. SUMMARY AND CONCLUDING REMARKS 
(1) For p r a c t i c a l  e l e c t r i c  t h r u s t o r s  where t h e  accel e l e c t r o d e  i s  
t h e  l i f e  l i m i t i n g  f a c t o r y  t h e  bes t  rocke t  e f f i c i e n c y  can be achieved by 
designing t h e  perveance of t h e  a c c e l e r a t o r  t o  ope ra t e  without  acce l -  
dece!. a t  t h e  ~ p t h i i i  I of t h e  miaaf tn .  
SP 
(2) When e ros ion  due t o  imperfect o p t i c s  becomes a s i g n i f i c a n t  
f r a c t i o n  f o r  a g iven  des ign ,  improving t h e  machining accuracy is  a much 
b e t t e r  way of improving e l e c t r o d e  l i f e  than  r e v e r t i n g  t o  accel-decel .  
One f a c t o r  which has not  been mentioned i n  t h i s  a n a l y s i s  is  t h e  
a r r iva l  rate of spu t t e red  e l ec t rode  material on t h e  s u r f a c e  of t h e  emitter. 
Obviously i f  e l e c t r o d e  l i f e  decreases  as i t s  s i z e  is increased  t h i s  f l u x  
of spu t t e red  atoms i s  increased  a t  an even f a s t e r  rate. 
I n  comparing t h e  t h r e e  engines i n  t h e  t a b u l a t i o n  of t h e  previous 
s e c t i o n  t h e  re la t ive a r r i v a l  rate of spu t t e red  atoms (when a l l  are operated 
a t  5000 sec) would b e  1, 4.65 and 13 f o r  engine no’s  1, 2 and 3 r e s p e c t i v e l y .  
The experiments of Shelton(8) and Wilson wi th  measurement of 
re-evaporat ion rates f o r  va r ious  p o t e n t i a l  e l e c t r o d e  materials show t h a t  
t h e  a r r i v a l  rate i s  a very s i g n i f i c a n t  f a c t o r  i n  determining emitter work 
f u n c t i o n  and i t s  l i f e  ( p a r t i c u l a r l y  when such tungs ten  s i n t e r i n g  agents  
as n i c k e l  are used) .  This  f a c t o r  a lone  could p l a c e  a very  res t r ic t ive 
upper l i m i t  on t h e  al lowable beam cur ren t  d e n s i t y  as engine scale i s  in-  
c reased  * 
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